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PREFACE 


It is hard to believe that it has been more than 16 years since publication of the second edition of CRC’s 
Handbook of Marine Mammal Medicine, and more than 27 years since the original first edition. The driver 
for that first edition was a wayward humpback whale, “Humphrey,” swimming up the Sacramento River 
in California; we realized then, as now, that much of the information necessary to assess marine mammal 
health was scattered around in small bits in texts, on desks, and in unpublished scientific observations. 
So there has been much changed in science, marine mammal medicine, and life worldwide since then. 

The new edition takes on a global perspective, with over 100 internationally recognized contributors 
and peer reviewers, and, most importantly, significant collaborations among contributors. These collabora- 
tions not only provide opportunities to share resources, but also challenge us to stretch ourselves, and to 
bring fresh ideas and perspectives to our science. Veterinarians, biologists, research scientists, technicians, 
trainers, and stranding network members have made significant contributions to the information herein. 

Marine mammals have always fascinated people with their sheer size and their specialized anatomy 
and physiology. Today, this fascination is reflected in the increasing number of aquariums and other types 
of facilities that keep marine mammals for exhibition and show, increasing the public’s awareness, as well 
as offering opportunities to increase scientific knowledge and research about a variety of aspects on the 
biology and care of marine mammal species and populations. 

As the field of marine mammal medicine continues to advance, we must stay vigilant to the burgeoning 
effects climate change and variability will have on marine environments and the creatures within—from 
unseen effects brewing below the surface, including the effects of ocean acidification on the ocean’s food 
web—affecting zooplankton, clams, and other invertebrates that rely on calcium to form their protective 
shells. Warming seawaters are creating more opportunities for harmful algal blooms, and warming fresh- 
waters are altering the ability of anadromous fish to grow, reproduce, recruit, and become food sources. 
At the top of the food web, cascading impacts to marine mammal nutritional needs and bioenergetics 
will occur—from killer whales that rely on salmon, to walrus that rely on clams, to manatees that rely on 
seagrasses, and animals in the wild and zoological and aquarium settings being increasingly subjected 
to changes in environmental temperatures, UV light, and emerging and resurging diseases. Shifting and 
disappearing sea ice will affect animals such as walrus, ice seals, and polar bears that rely on ice for haul- 
out, rest, denning, and transport to new feeding grounds. As the ice edge retreats farther north beyond 
the continental shelf, over deeper water, some animals will have to undertake longer, more energetically 
demanding trips to reach favorable feeding grounds. 

In the last 10 years, health assessments for many marine mammal species have been put in place. 
Using information on reproductive parameters, monitoring of the health of individuals and populations, 
and understanding the impacts and significance of both natural variations and anthropogenic stressors, 
including habitat disturbance, oil spills, fishing gear entanglement, vessel strikes, and underwater noise, 
more approaches for effective conservation and management of marine mammal populations have been 
brought to light. 


xt 


xii Preface 


Scientists are explorers, adventurers, and inventors who experiment. Now is the time to experiment 
with a variety of endeavors to engage and inspire current and future generations to care for marine mam- 
mals and the marine environment, and work together to find solutions. As scientists, we have an intellec- 
tual obligation to produce data that are evidence based and tested. We also have an ethical obligation to 
translate our science so more people embrace, remember, and pass it on, because this is where and when 
science elicits global societal action. 

It is our hope that the knowledge gained from this third edition will help promote the health and 
well-being of the marine mammals we care for and about, so the general public better understands marine 
mammal medicine, health, and well-being, and acts accordingly. 

We thank the following for reviewing chapters—Sarah Allen, James Bailey, Michelle Barbieri, Ashley 
Barratclough, C. Beck, Kimberlee Beckmen, Heidi Bissell, Andrea Bogolmini, S. Butler, Kristina Cammen, 
Dave Casper, Laura Chapman, Frank Cipriano, Elsburgh Clarke, Tracy Collier, William Dawson, Sylvain 
DeGuise, Adele Douglass, Padraig Duignan, Larry Dunn, John Durban, Andreas Fahlman, Cara Field, 
Christine Fontaine, Karin Forney, Greg Frankfurter, Vanessa Fravel, Daniel Garcia-Parraga, Tom Gelatt, 
Claudia Gili, Tracey Goldstein, Sara Grimmer, Bryan Grundy, Sophie Guarasci, Josefina Gutiérrez, Barbie 
Halaska, Ailsa Hall, Brad Hanson, John Harley, Ashley Horvath, Jim Hurley, Eric Jensen, Shawn Johnson, 
Brian Kot, Emilie Kozel, Carey Kuhn, Ed Latson, J. Lee, Gregg Levine, Betsy Lutmerding, Bernie McConnell, 
Jenny Meegan, Michael Moore, Stephanie Norman, Tenaya Norris, Lauren Palmer, Lorrie Rea, Kara Rogers, 
Tracy Romano, Justin Rosenberg, Dave Rotstein, Teri Rowles, Judy St. Leger, Todd Schmitt, Meredith 
Sherrill, Lori Schwacke, Sophie Scotter, Christian Sonne, Andy Stamper, Raphaela Stimmelmayr, Peter 
Thomas, Sue Thornton, Michael Walsh, Randy Wells, Sophie Whoriskey, Sarah Wilkin, Bonnie Wright, 
Laura Yeates, David Zahniser, and Mike Ziccardi. 
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Introduction 


Marine mammal stranding response networks, made up of 
individuals or groups of response organizations, have been 
established to coordinate responses to stranded marine mam- 
mals within a country or region. A stranded marine mammal 
is essentially one that appears in distress, is faltering ashore, 
or is a carcass (Geraci and Lounsbury 2005). Because 
marine mammals are often legally protected, definitions have 
been created to help with stranding responses and proper 
and humane handling of these animals. For example, in the 
United States, a stranded marine mammal is defined as “any 
dead marine mammal on a beach or floating near shore; any 
live cetacean on a beach or in water so shallow that it is 
unable to free itself and resume normal activity; any live pin- 
niped which is unable or unwilling to leave the shore because 
of injury or poor health” (Wilkinson 1991. 


Objectives of Stranding Networks 


Much of what is known about the life history and ecol- 
ogy of marine mammal species that are rarely observed at 
sea has been learned from stranded animals (Geraci and 
St. Aubin 1979; Wilkinson and Worthy 1999). The goals 
of stranding response are to provide care to live animals, 
maximize data and sample collection from all animals, and 
share data through conferences, publications, and report- 
ing. At its best, stranding response combines welfare, 
science and conservation priorities resulting in humane 
response to live stranded marine mammals and quality 
data collection and analyses that inform conservation and 
management strategies. 

The forces necessitating the development of stranding 
networks are many. Stranded live animals present significant 
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welfare concerns to the public, wildlife managers, and the 
veterinary and research communities (see Chapter 5). 
In addition, stranded animals provide an opportunity to 
sample relatively inaccessible aquatic species for research, 
health monitoring and diagnosis, or causes of disease out- 
breaks. Dead carcasses may need to be removed from pub- 
lic beaches for aesthetic or hygienic reasons. Coordinated 
stranding response enables sharing of resources to opmitize 
the care of live animals and maximize the samples and data 
obtained from all strandings. These efforts can be logisti- 
cally challenging and expensive. Development of a strand- 
ing network helps address these challenges by coordinating 
response efforts. 


Causes of Strandings 


Although the causes of most strandings are unknown 
(Geraci 1978; Geraci and St. Aubin 1979; Geraci, Harwood, 
and Lounsbury 1999), the development of trained strand- 
ing response networks, coupled with advances in meth- 
odology, has led to a greater understanding of the myriad 
causes for strandings in recent years (Gulland and Hall 2007). 
Animals can strand from natural and anthropogenic causes, 
although there are many anthropogenic drivers to natural 
causes, and the distinction between the two can be murky. 
Natural causes include malnutrition, disease, trauma, preda- 
tion, maternal separation, poor navigation (due to weather or 
other conditions), and exposure to biotoxins. Direct, human- 
induced strandings can result from entanglement (e.g., in 
fishing gear or marine debris), entrapment (e.g., in fishing 
weirs or irrigation canals), entrainment (e.g., in a power plant 
intake), exposure to noise (e.g., from seismic surveys, mid- 
frequency/low-frequency active sonar, vessel noise), inges- 
tion of marine debris, vessel strikes, gunshot or wounds 
from other weapons, and chemical/oil spills. Major stranding 
events worldwide due to these etiologies are summarized in 
Tables 1.1-1.4. 

Definitive determination of the cause of a death or 
stranding can be difficult, and often, multiple factors may 
be at play. The data gathered through live animal sampling 
and necropsies aid in identifying the causes of individual 
strandings or deaths and increase understanding of marine 
mammal population health. When feasible and authorized, 
it is important that necropsies be conducted systematically 
and appropriate samples collected. These data can be, and 
have been, used to support the development of mitiga- 
tion measures to prevent or reduce mortality. For example, 
shipping lanes have been rerouted out of large whale sea- 
sonal habitat after repeated documentation of ship strikes 
(Berman-Kowalewski et al. 2010; Conn and Silber 2013), and 
endangered Hawaiian monk seals (Neomonachus schauin- 
slandi) have been vaccinated to reduce the risk of a morbil- 
livirus epidemic, a known cause of stranding and mortality 
in other seal species (Malakoff 2016). 


Mass Strandings, Unusual Mortality 
Events (UMEs), and Epizootics 


Certain highly social species, such as pilot whales, often 
strand in groups. A “mass stranding event” is defined as two 
or more animals (other than mother—calf pairs) stranding in 
proximity to each other in time and space; it may be over the 
course of several hours or days, and in one discrete location, 
or across many kilometers. The causes for mass strandings 
can be as diverse as those for single events; however, some 
species appear to be predisposed to stranding due to social 
cohesion. There are also sites at which mass strandings are 
more common, some characterized by similar shape of the 
landmass, coastline geomagnetic fields, or shoreline bathym- 
etry. There are hot spots for pilot whale (Globicephala spp.) 
mass strandings along the coast of Florida, USA, and at Golden 
Bay and the Chatham Islands in New Zealand (Brabyn 1991). 
Mass strandings of sperm whales (Physeter macrocephadlus) 
are common in Tasmania, Australia (Evans 2002). 

Groups of marine mammals may strand or die off in larger 
numbers than “normal.” In the United States, these strandings 
may be referred to as unusual mortality events (UMEs), legally 
defined as “strandings that are unexpected; involve a signifi- 
cant die-off of any marine mammal population; and demand 
immediate response” (Marine Mammal Protection Act [MMPA] 
Title IV). This definition was developed to facilitate mobiliza- 
tion of financial and logistic responsibilities and resources 
to assist in responding to such events (Gulland 2006). It is 
important to recognize that the term “UME” is not an epide- 
miological term; UMEs may be smaller than epizootics (an 
epizootic being a disease outbreak characterized by a sudden 
increase in stranding cases for a specific population, place, 
time or historical perspective; Wobeser 1996), and a UME 
may not be declared when strandings occur regularly, due to 
observed endemic diseases or toxicoses. Our ability to detect 
UMEs is based on baseline data gathered through routine 
stranding response. 


Cetaceans (Table 1.1) 


The causes of mass strandings of cetaceans remain mostly 
unknown, whereas causes of epizootics are better character- 
ized. Viral diseases cause periodic epizootics, with morbil- 
livirus being the most common agent of mass mortality in 
cetaceans (CeMV,; see Chapter 17). Individual deaths from 
morbilliviruses have been recorded in the Pacific Ocean, but 
large-scale cetacean mortality has thus far been restricted 
to the Atlantic basin and the Black and Mediterranean Seas 
(Kennedy et al. 1988; Domingo et al. 1990). 

Biotoxins produced by harmful algal blooms (HABs) 
have been implicated in several cetacean UMEs, includ- 
ing humpback whales Wlegaptera novaeangliae, saxitoxin; 
Geraci et al. 1989), bottlenose dolphins (Zursiops truncatus; 
brevetoxin; Mase et al. 2000), and several odontocete species 
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Table 1.1. Major Worldwide Mass Strandings or Mortality Events Affecting Cetaceans 
Species (Number 
Cause Location Date Affected) Comments Reference 
Infectious Morbillivirus Atlantic Coast, Repeated Bottlenose Kennedy et al. 1988 
Disease USA; dolphins (100s) Domingo et al. 1990 
Mediterranean Striped dolphins Aguilar and Raga 
Sea (100s) 1993 
Sperm whales Forcada et al. 1994 
Lipscomb et al. 1994 
Duignan et al. 1996 
Duignan et al. 2014b 
Van Bressum et al. 
2014 
Schulman et al. 1997 
McLellan et al. 2002 
Biotoxin Saxitoxin Massachusetts, 1987 Humpback whales Geraci et al. 1989 
USA (14) 
Brevetoxin Gulf of Mexico, | Repeated Bottlenose Mase et al. 2000 
USA dolphins (100s) Flewelling et al. 2005 
Gaydos et al. 2006 
Gulland 2006 
Twiner et al. 2012 
Litz et al. 2014 
Domoic acid Atlantic Coast, 2002, Mysticetes Undetermined, Gulland and Hall 
California, and 2005 but suspected 2007 
Alaska, USA Repeated domoic acid Torres de la Riva 
toxicosis et al. 2009 
Lefebre et al. 2016 
Anthropogenic Anthropogenic Bahamas, 2000 Odontocetes (8) Anthropogenic Evans and England 
Factors sound UK 2008 sound considered 2001 
a factor Cox et al. 2006 
Jepson et al. 2013 
Portugal 2002 Cuvier’s beaked Anthropogenic Freitas 2004 
whales (3) sound considered Cox et al. 2006 
a factor 
Canary Islands, 2002 Beaked whale sp. Anthropogenic Jepson et al. 2003 
Spain (14) sound considered Fernandez et al. 
a factor 2004, 2005 
Cox et al. 2006 
Hawaii, USA 2004 Melon-headed Anthropogenic Southall et al. 2006 
whales (150+) sound considered 
a factor 
Madagascar 2008 Melon-headed Anthropogenic Southall et al. 2013 
whales (100+) sound considered 
a factor 
UK Repeated Odontocetes (8) Anthropogenic Jepson et al. 2005 
sound considered Jepson et al. 2013 
a factor 
Fisheries Atlantic Coast, 1983 Harbor porpoises Haley and Read 
interaction USA (64) 1993 
Murray, Read and 
Solow 2000 
UK Repeated Odontocetes Bycatch Leeney et al. 2008 
(253) 


(Continued) 
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Table 1.1 (Continued) Major Worldwide Mass Strandings or Mortality Events Affecting Cetaceans 


Cause Location Date 
Oil Gulf of Mexico, 2010 
USA 
Ship strike California, USA 2007 
Ecological Prey shifts California, USA 1999 
Factors 
Bathymetry Cook Inlet, Repeated 
Alaska, USA; 
New Zealand Repeated 
Australia Repeated 
UK Repeated 
Florida, USA Repeated 
Tursiops California, USA Repeated 
aggression 
Unknown Chile; Peru; 2015 
Argentina; 
Oregon, USA 


Species (Number 
Affected) 


Bottlenose 
dolphins (990) 


Blue whales (4) 
Gray whales (651) 


Beluga whales 
(2-200) 

Pilot whales 
(2-100+) 
Sperm whales 
Small odontocetes 


Sperm whales 
Pilot whales 
Small odontocetes 
Pilot whales 


Harbor porpoises 


Sei whales (300+) 
Small odontocetes 
Right whales 
Sperm whales 


Comments 


DEEPWATER 
Horizon oil spill a 
contributing factor 


Starvation likely a 
contributing factor 
Extreme tidal 
shifts 


Prey shifts and 
biotoxins 
suggested to play 
a role 


Reference 
Litz et al. 2014 
Venn-Watson et al. 
2015 
Berman-Kowaleski 
et al. 2010 
Gulland et al. 2005 


Vos and Sheldon 
2005 
Beatson, O’Shea, 
and Ogle 2007 
Gales 1992 
Evans, Morrice, and 
Hindell 2002 
Kemper et al. 2005 
Deaville and Jepson 
2011 
Jepson et al. 2013 
Walker et al. 2005 
Litz et al. 2014 
Wilkin et al. 2012 


Ulloa-Encina et al. 
2016 


(domoic acid; Torres de la Riva et al. 2009, Lefebvre et al. 
2016). Investigation of a large mortality event of sei whales 
(Balaenoptera borealis) in Chile found saxitoxin in some ani- 
mals, but the majority were too decomposed to determine 
cause of death (Ulloa-Encina et al. 2016). As ocean tempera- 
tures and human-related activities in coastal areas rise, harm- 
ful algal blooms are increasing in frequency and range, which 
certainly could contribute further to cetacean strandings and 
mortality (see Chapter 16). 

Human activities have played direct roles in cetacean mass 
stranding events. Sonar has been implicated in odontocete 
strandings in the Bahamas (Evans and England 200D, the Canary 
Islands, (Fernandez et al. 2004 and 2005), Hawaii (Southall et al. 
2006), and Madagascar (Southall et al. 2013). Sonar or blast inju- 
ries in cetaceans are typically associated with military activities 
(Jepson et al. 2003) and characterized at necropsy by lesions of 
in vivo gas bubble formation, fat emboli, or inner ear trauma 
(see Chapter 14). However, establishing a clear link between 
mass strandings or UMEs and acoustic or blast activities can 
be problematic. In some cases, there is a temporal or spatial 
overlap between events, but in other cases, there may be a lag 
between the acoustic activity and the stranding (or discovery 
of the stranding). Another complicating factor occurs when an 
acoustic event results in a behavior change that leads to strand- 
ing without associated physical evidence. Furthermore, officials 


may be unwilling to disclose the details of events that might 
have caused harm to cetaceans (Yang et al. 2008). 

Ship strikes constitute another significant source of anthro- 
pogenic mortality, especially for mysticetes. The lesions asso- 
ciated with vessel strikes can vary considerably, depending 
on the size and speed of the vessel, the size of the animal 
and the location of the impact on the body (Moore et al. 
2013). Premortem hemorrhage and fractures are highly sug- 
gestive of impact from a ship. While ship strike cases typi- 
cally involve single animals, a cluster of strikes can occur 
in an area when the distribution of either whales or ships, 
or both, changes leading to greater co-occurrence (Berman- 
Kowalweski et al. 2010). 

Oil spills cause mass mortality of marine mammals, with 
a number of deaths occurring in the immediate vicinity of 
a spill (see Geraci 1990 for a historical summary of ceta- 
cean strandings associated with oil spills from 1969 to 1989). 
However, chronic health impacts may also be observed over 
a longer time scale, as documented after the more recent 
DeEPWATER Horizon Oil spill (see Chapter 2). 


Pinnipeds (Table 1.2) 


Because pinniped life history involves hauling out on shore 
regularly, differentiating between healthy animals and 
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Table 1.2 Major Worldwide Mortality Events Affecting Pinnipeds 


Cause Location Date 
Infectious Influenza New England, USA Repeated 
Disease 
North Sea 2014 
Morbillivirus North, Baltic, and Repeated 
Irish Seas 
New England, USA 2006 
Caspian Sea 2000 
Antarctica 1955 
Leptospira California, USA Repeated 
Klebsiella New Zealand Repeated 
Biotoxin Domoic acid California, USA Repeated 
Alaska, USA Repeated 
Ciguatoxin Hawaii, USA 1978 
Saxitoxin Mauritania 1997 
Ecological Prey shifts California, USA Repeated 
Factors 
Galapagos Islands Repeated 
Predation UK Repeated 


Species (Number Notes/ 
Affected) Comments Reference 
Harbor seals Anthony et al. 2012 
Puryear et al. 2016 
Harbor seals Bodewes et al. 2015 
Harbor seals Duignan et al. 2014a 
Gray seals 
Harbor seals Duignan et al. 2014a 
Caspian seals Anan et al. 2002 
Crabeater seals Laws and Taylor 1957 
California sea lions Gulland et al. 1996 
(100s) 
New Zealand sea Castinel et al. 2007 
lions 
California sea lions Saxitoxin Scholin et al. 2000 
(100s) levels high Gulland et al. 2002 
Walrus also Lefebre et al. 2016 
Hawaiian monk seals Gilmartin et al. 1980 
Mediterranean monk Saxitoxin Hernandez et al. 1998 
seals (100+) implicated as a 
factor in 
mortalities 
California sea lions, Greig, Gulland, and 
Guadalupe fur seals Kreuder 2005 
Melin et al. 2010 
Galapagos sea lions Associated Trillmich and 
with prey shifts Limberger 1985 
during El Nino 
conditions 
Harbor seals Predation by Brownlow et al. 2016 
gray seals 


those that are stranded and in need of medical attention is 
sometimes difficult. Infectious diseases, biotoxin events, and 
ecosystem-wide prey shifts affect pinnipeds regularly; and all 
directly contribute to stranding that may result in morbidity 
and mortality. 

Epizootics of morbillivirus have occurred in pinnipeds in 
the Atlantic basin and Europe, but, as with cetaceans, epizo- 
otics have not been observed in the Pacific. Phocine morbil- 
livirus (PMV) has been implicated in the deaths of thousands 
of harbor seals (Phoca vitulina) and hundreds of gray seals 
(Halichoerus grypus) during repeated outbreaks in the North, 
Baltic, and Irish Seas, and along the northeastern coast of the 
United States (see Chapter 17). Avian influenza A has caused 
repeated epizootics among harbor seals in New England, 
USA, and in the North Sea in 2014 (van den Brand et al. 2016). 
Because harbor seals have receptors for both avian and mam- 
malian influenza viruses in their respiratory epithelium, they 
may be a mixing vessel host, similar to swine (Boyce et al. 
2013). Gray seals appear to be an endemically infected reser- 
voir population for influenza (Puryear et al. 2016). 

Biotoxins have been implicated in repeated UMEs in pinni- 
peds. In 1998, the effects of domoic acid were first documented 


in marine mammals during a UME involving seizing sea lions 
(Zalophus californianus) in California (Gulland et al. 2002). 
Since then, blooms of domoic acid—producing algae have 
been observed with increasing frequency off the west coast 
of the United States, and nearly two decades of research have 
characterized pathognomonic lesions in the brain, heart, and 
other tissues that can result in acute or chronic disease mani- 
festations (Zabka et al. 2009; Silvagni et al. 2005; see Chapter 
16). Ciguatoxin and saxitoxin have been implicated in mor- 
talities of two endangered pinniped species—Hawaiian and 
Mediterranean (Monachus monachus) monk seals, respectively 
(Hernandez et al. 1998; Bottein et al. 201D. 

Alterations in prey abundance can significantly affect 
pinniped populations. The periodic recurrence of El Nifio 
conditions in the Pacific has repeatedly affected pinnipeds, 
especially otariids such as Galapagos sea lions (Zalophus 
wollebaeki), Galapagos (Arctocephalus galapagoensis) and 
Guadalupe (Arctocephalus townsendi) fur seals, and California 
sea lions (Trillmich and Limberger 1985; Greig, Gulland, and 
Kreuder 2005; Melin et al. 2010). 

Anthropogenic effects, such as entanglement in fishing 
gear and marine debris, vessel strikes, oil spills, and gunshots, 
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are also documented affecting pinniped species around the 
world (Kovacs et al. 2012; Aurioles-Gamboa 2015). While the 
effects are often quite local and affect discrete populations, 
the cumulative impacts of human interactions on pinnipeds 
are not yet well documented. 


Sea Otters 


Sea otters are native to the coasts of the northern and east- 
ern North Pacific Ocean, with recent population declines 
in the north attributed to shark and killer whale predation 
(Estes et al. 1998; Ballachey, Gorbics, and Doroff 2002; see 
Table 1.3). Southern sea otters have experienced UMEs due 
to protozoal infections from both Toxoplasma gondii and 
Sarcocystis neurona (Miller et al. 2010; Shapiro, Miller, and 
Mazet 2012), whereas Northern sea otters have experienced a 
UME associated with vegetative endocarditis. The most recent 
notable cause of mass mortality in sea otters was the 1989 
Exxon Vatpez oil spill in Prince William Sound, Alaska. This 
event not only killed several thousand animals at the time, 
but also still has deleterious effects on the population more 
than two decades after it occurred (Garshelis and Estes 1997; 
Bodkin et al. 2012). 


Sirenians 


Sirenians are frequently subjected to increased mortality 
(UMEs) from biotoxins, anthropogenic trauma, and cold 
water events (Table 1.4). Brevetoxin has been responsible 
for repeated UMEs in Florida manatees (Trichechus manatus 


Table 1.3. Major Worldwide Mortality Events Affecting Sea Otters 


latirostris, see Chapter 16). Additionally, due to their slow 
movements, occupancy of shallow water, and logging behav- 
ior (Submerged) just below the water’s surface, manatees are 
struck frequently struck by boats, resulting in lethal or sub- 
lethal trauma (Ackerman et al. 1995). Likewise, accidental 
mortality in fishing nets is not only a significant cause of 
death for Florida and Antillean manatees (Tm. manatus), but 
also for dugongs (Dugong dugon) within their African and 
Asian ranges (Marsh et al. 2002; Meirelles 2008). Cold stress is 
a common cause of stranding and UMEs for Florida manatees. 
In 2010, a UME of manatees occurred in Florida due to mass 
starvation following a large seagrass die-off. 


Stranding Kesponse Overview 


Data and Specimen Collection 


Stranding response efforts may range from basic data collec- 
tion, to more in-depth health assessments and rescue of live 
animals, and detailed necropsy and sampling of dead animals. 
Documenting the location, date, species, length, and sex of 
all stranded animals creates baseline data that are invaluable 
for recognizing changing distribution patterns and identifying 
anomalous events (Southall et al. 2013). Examinations of live 
and dead stranded marine mammals can yield large amounts of 
data on the health of individuals. A cell phone, camera, and a 
measuring tape can be a responder’s best tools to collect those 
basic data (see Chapter 13). Regardless of the level of investi- 
gation undertaken, some basic principles of data collection are 


Species 
Cause Location Date (number affected) Notes/Comments Reference 
Infectious Protozoa California, USA Repeated Southern sea otters Toxoplasma gondii and Shapiro, Miller, and 
Disease Sarcocystis neurona Mazet 2012 
Miller et al. 2010 
Biotoxin Saxitoxin Alaska, USA 1987 Northern sea otters DeGange and Vacca 
(34) 1989 
Domoic California, USA Repeated Southern sea otters Large event in 2002; Kreuder et al. 2005 
acid (100s) continued small 
mortalities 
Anthropogenic Fisheries Alaska, USA 2000 Northern sea otters Parasites ingested at WGMMUME=? 
Factors Interaction (100s) fish processing plant 
with discarded waste 
Petroleum Alaska, USA 1989 Northern sea otters Exxon VALDEZ oil spill Garshelis and Estes 
(1000s) 1997 
Ecological Predation Alaska, USA Repeated Northern sea otters Killer whale Estes et al. 1998 
Factors predation 
California, USA Repeated Southern sea otters Shark predation 
Malnutrition Alaska, USA 1996 Northern sea otters Tinker et al. 2016 


a Working Group on Marine Mammal Unusual Mortality Events. 


Ballachey, Gorbics, 
and Doroff 2002 
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Table 1.4 Major Worldwide Mortality Events Affecting Sirenians 


Cause Location Date 
Biotoxin Brevetoxin Florida, USA Repeated 
Anthropogenic Boat strike Florida, USA; Repeated 
Factors Puerto Rico 
Angola 2008 
Directed Africa Repeated 
hunting 
Fisheries Brazil, Repeated 
Interaction Australia; USA 
Petroleum Persian Gulf 1983 
Death in dam Africa Repeated 
structures 
Ecological Cold stress Florida, USA Repeated 
Factors 
Prey shifts Florida, USA 2010 


@ Working Group on Marine Mammal Unusual Mortality Events. 


essential to acquiring useful data able to be accessed and com- 
pared over time, across geographic regions, and among spe- 
cies. Stranding responders are encouraged to be systematic and 
consistent in their examination of each animal, using protocols 
that are established and agreed upon by the different members 
of the stranding network. 

Consistent stranding response efforts also provide data 
that can identify the presence of public health threats, such 
as HABs, that can affect human food sources (Scholin et al. 
2000). For example, the appearance of stranded sea lions poi- 
soned with domoic acid helps public health officials target 
biotoxin monitoring in water and seafood. Similarly, screen- 
ing phocids for avian influenza A is a priority, since this zoo- 
nosis has been documented as spreading between seals and 
humans (see Chapter 4). 


Rehabilitation and Release 


Some stranding networks rehabilitate and release live stranded 
animals, but the significance of this activity to marine 
mammal conservation is contentious (St. Aubin, Geraci, and 
Lounsbury 1996; Wilkinson and Worthy 1999; Moore et al. 
2007). For some species, the number of animals released after 


Species 
Florida manatee 


Florida manatee 


African manatee 
African manatee 
Antillean 
manatee, 
dugong, African 
manatee 


Dugong 


African manatee 


Florida manatee 


Florida manatee 


Notes/ 
Comments 


Common cause 
of death 


Rare cause of 
death 
Common cause 
of death 
Common cause 
of death 


53 recovered 
carcasses 
Common cause 
of death 


Common cause 
of death 


Seagrass die-off 


Reference 


O’Shea et al. 1991 
Bossart et al. 1998 
Landsberg and Steidinger 
1998 
Fire et al. 2015 
Ackerman et al. 1995 
Mignucci-Giannoni et al. 2000 
Lightsey et al. 2006 
Dodman et al. 2008 


Keith Diagne unpubl. data 


Marsh et al. 2002 
Meirelles 2008 
Reeves, McClellan, and 
Werner 2013 
Adimey et al. 2014 
Keith Diagne et al. 2015 
St. Aubin and Lounsbury 1990 


Powell 1996 
Morais 2006 
Keith Diagne unpubl. data 
Ackerman et al. 1995 
Owen et al. 2013 
Adimey et al. 2016 
WGMMUME? 


rehabilitation may be negligible compared to the total free- 
living population. For others, such as the Hawaiian monk 
seal, human intervention has saved a high proportion of the 
population from death. An analysis of opportunistic interven- 
tion activities on monk seals between 1980 and 2012 deter- 
mined that a minimum of 32% of monk seals alive in 2012 
were either individuals or offspring of individuals that had 
received a survival-enhancing intervention activity (Harting, 
Johanos and Littnan 2014). For more common species, the 
contribution to conservation by rehabilitating live, stranded 
animals may ultimately have a greater impact indirectly by 
increasing public awareness, involvement, and education, 
and directly through scientific research, rather than through 
the number of individual animals rescued. 

The survival of rehabilitated and released marine mam- 
mals varies greatly across taxa and cause of stranding, and 
few studies document postrelease survival (Wells et al. 1999a, 
1999b; Lander and Gulland 2003; Mellish et al. 2006). Some 
argue that it is the least fit members of a population that are 
most likely to strand, so rehabilitating and releasing these 
individuals may interfere with natural selection (Wilkinson 
and Worthy 1999) an exception is some naturally occur- 
ing cetacean mass strandings in which most individuals are 
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relatively healthy (Bogomolni et al. 2010). Furthermore, trans- 
location of animals has the potential to spread diseases to 
naive populations (Daszak, Cunningham, and Hyatt 2000; 
Moore et al. 2007). 

Rehabilitation efforts also provide benefits in detecting 
novel infectious agents, studying the pathogenesis of disease 
processes, and building species-specific knowledge of marine 
mammal health, physiology, and behavior. Further, rehabilita- 
tion programs respond to the concern of the general public 
for the welfare of live stranded marine mammals and fulfill 
the moral obligation to care for animals that strand as a result 
of anthropogenic factors, such as oil spills or entanglement. 
The attention given to animals in rehabilitation also provides 
a valuable opportunity to educate the public on factors affect- 
ing marine mammal populations. 


Stranding Response 


Although each stranding response may vary to some 
degree, there are several basic elements of a stranding 
response that remain constant regardless of circumstance. 
These include 


¢ Ensuring human safety during stranding response 

¢ Ensuring animal safety during stranding response 

¢ Accurately recording a call or report of a stranded 
marine mammal 

* Assessing the stranding scene upon arrival 

° Providing supportive care and conducting health 
assessments of live stranded animals 

* Documenting the event and each individual through 
photos 

* Collecting samples and measurements (from live and 
dead animals) 

¢ Labeling and archiving samples 

* Assessing animals for evidence of human interaction 

* Recording and managing data 

* Determining the optimal outcome for each live 
animal 

* Conducting necropsies on animals that die or are 
euthanized 

* Safely disposing of remains 

* Communicating with management authorities, the 
public, and the media 


Human Safety The single most important priority of 
stranding response is human safety. Strandings of all types 
of marine mammals tend to generate a great deal of public 
attention because of the charismatic nature of the animals. 
News of a stranding event can spread very quickly and draw 
large crowds, even in the most remote locations. Key ele- 
ments of maintaining a safe scene are proper training, and 
establishment and adherence to established protocols for 
working around and handling marine mammals. A clear 


perimeter must be set for bystanders, ensuring their safety 
and providing an opportunity for public education. There is 
great risk to both the humans and the stranded marine mam- 
mal if responders are not trained in the actions to use during 
a rescue operation of a live animal. Whales and dolphins 
are extremely powerful animals and even in an incapaci- 
tated state can be formidable to handle; a thrashing tail fluke 
can easily injure an unaware individual. Response to dead, 
stranded animals requires equal care and proper handling, 
and additional safety concerns come into play. Moving large 
carcasses, especially by heavy equipment, can put people at 
risk, as towing cables can snap and carcasses can roll unex- 
pectedly. Animal, sample, and carcass handling and disposal 
should all be conducted wearing appropriate protective cloth- 
ing to reduce the risk of disease transmission and contamina- 
tion. Scalpels and sharp knives also pose additional hazards, 
particularly when used in a field situation. 


Live Animal Response Stranding response is oriented to 
improving the welfare of these animals. However, some “res- 
cue” activities that seem logical may in fact be counterproduc- 
tive, and well-intentioned actions of beachgoers can lead to 
additional injury or death of the stranded marine mammal. For 
example, pushing a sick dolphin back out to sea may not be 
the most humane option, and extensive handling may uninten- 
tionally cause added stress to already compromised animals. 
Educating responders and the public on the best practices in 
the response to live stranded animals can make the difference 
between life and death and help in reducing the suffering of 
stranded animals. 

Generally speaking, when a stranding occurs, there 
are three main options for intervention (in addition to the 
option of no intervention): (1) immediate release (at the site 
of the stranding or after transport to a more suitable site); 
(2) rehabilitation in an animal care facility and subsequent 
release; or (3) euthanasia. These options may be limited by 
geographic location, the taxa and the size of the animal, and 
availability of resources, to name but a few considerations. 
Ultimately, the course of action is based upon human safety 
and the animal’s condition and prognosis, with consider- 
ation to the logistical, legal, and cultural realities in the area 
of the stranding. Given the threatened or endangered status 
of some large whale species, data from necropsies can be 
important in monitoring populations for natural and anthro- 
pogenic threats. 

External examinations and health assessments seek to 
identify underlying health issues, while supportive care and 
medical treatment can be provided to improve the condition 
of the animal. Good supportive care not only improves the 
immediate welfare of the animal but also helps to prevent 
injury and reduce the likelihood of shock due to physiologi- 
cal stress. Supportive care for cetaceans includes righting the 
animal to rest ventrally, digging holes for the pectoral flippers 
to relieve pressure, keeping gulls and other predators away, 
helping the animal to maintain optimal body temperature, 
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and protecting it from sun and wind. Alternatively, response 
efforts for a pinniped on the beach typically take a more 
hands-off approach because seals and sea lions are quick to 
bite, particularly when sick or injured. Therefore, supportive 
care in these instances may include helping to maintain body 
temperature by protecting the animal from the sun or wind. 
Additional evaluation and medical attention should only 
be performed with proper restraint by a responder familiar 
with pinniped behavior. The appropriateness of more inva- 
sive methods (e., fluid therapy, tranquilizers, supplements, 
etc.) for both cetaceans and pinnipeds should be thoroughly 
evaluated and employed only under the supervision of an 
experienced veterinarian. 

While continuing supportive care, one can then evaluate 
which animals should be provided immediate care, and con- 
duct health assessments. Data on behavioral observations, the 
results of physical examination, including wounds, lesions, or 
evidence of human interaction; and morphometrics should be 
recorded. When possible, collect and analyze blood samples 
for complete blood count and serum chemistry (see Chapters 
40-45). 


Euthanasia From a stranding response perspective, humane 
euthanasia of a stranded marine mammal can be an act of 
compassion to relieve pain and suffering, as well as a safe- 
guard for human safety. The decision to euthanize should 
be based upon the health of the animal in question, as well 
as the logistical and cultural considerations of the stranding 
location, discussed in greater detail in Chapter 28. 


Human Interaction Evaluations Understanding the 
cause(s) of a stranding or mortality event is one of the pri- 
mary goals of stranding response. Specifically evaluating 
every stranded animal for evidence of anthropogenic trauma, 
or human interaction (HD, is an important element of each 
stranding investigation that can directly influence management 
for mitigation. Moore and Barco (2013) provide one example 
of a thorough HI evaluation protocol that can be adapted for 
use by stranding response organizations. Remaining consis- 
tent, conservative, and objective are key elements to any HI 
examination. Understanding the types of human interactions 
occurring in a given area can help guide responders in devel- 
oping key relationships to mitigate interactions. 


Necropsy The postmortem examination of stranded marine 
mammals can yield valuable information on an individual 
animal, the health of populations, and the habitat in which 
they live. Whenever possible, conducting a necropsy as soon 
as possible after death is recommended to maximize the 
number and types of viable samples (see Chapter 13). When 
immediate necropsy is not possible, refrigerating or chilling 
the carcass is recommended. Carcasses may be frozen for 
later necropsy; however, this will limit the types of samples 
that are worth collecting, and the resulting data may be less 
definitive. 


Out-of-Habitat Situations 


Some animals, though not stranded, found outside their nor- 
mal habitat and command considerable public attention. Some 
examples of “out-of-habitat events” include the following: 


* In 2001, a hooded seal (Cystophora cristata) (a spe- 
cies of ice seal found in the Arctic Ocean and North 
Atlantic) was found stranded on a beach in Antigua, 
at 17°N latitude in the Caribbean Sea. 

* Pelagic dolphins (alone or in groups) have been 
found in rivers and creeks (Massachusetts, USA; New 
Jersey, USA). 

* In 2008, 100-200 melon-headed whales (Peponocephala 
electra) were found swimming (and stranding) 65 km 
up an estuary in Antsohihy, Madagascar. 

* In 2007, a cow/calf pair of humpback whales Wlegaptera 
novaeangliae) was found in the Sacramento River in 
California, USA, 90 nautical miles (70 km) up the 
river before returning to the San Francisco Bay after 
antibiotic treatment (Gulland et al. 2008). 

¢ “Chessie” the manatee (Jrichechus manatus) received 
his name after being identified in July 1994 in north- 
ern Chesapeake Bay, Maryland, USA; he was later 
satellite-tracked as far north as Point Judith, Rhode 
Island, USA—over 600 miles (1000 km) north of the 
typical manatee range. 


The best-case scenario is for the out-of-habitat animals to 
return to their natural habitat on their own without human 
intervention. Generally, a stranding network will monitor these 
animals for some period of time to assess their health condition, 
and allow them the opportunity to move on their own. This 
observational period helps stranding responders determine if 
and when an intervention is necessary to save the animals and 
relocate them. Consultation with species experts is highly rec- 
ommended to determine best practices relative to each case. 
The exact circumstances of every event are different, and it is 
important to be flexible and consider all possible options for 
each response. There are several methods/tools that can be 
used to intervene in different situations. These include herding, 
physical barriers, acoustic deterrents, and capture and reloca- 
tion. Using the information gleaned from observations helps 
the responder choose the correct method/tool for each event. 
Less experienced responders should focus on good monitor- 
ing and evaluation and contact experts in the field to assist in 
determining when to intervene and which methods to use. 


Large Whale Strandings 


The stranding of a large whale generates an enormous 
amount of public attention. Unless the stranding site is very 
remote, some type of response is usually required. When a 
large whale is found on the beach, it presents an incredible 
opportunity for learning. At a minimum, one should record 
the location, date, species, and sex of the animal. Given the 
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threatened, or endangered status of some large whale spe- 
cies, data from necropsies can be important in montitoring 
papulations for natural and anthropogenic threats. 

Dead large whales, both floating off shore and beached, 
occur infrequently and can present unique logistical challenges 
that often require a large number of resources to efficiently 
and safely respond. While it is impossible to prepare for all 
potential scenarios, it is valuable to know what options and 
resources are typically available in your response area and 
prepare in advance. Having dead whale response kits ready, 
trainings completed, applicable contacts collated, and general 
plans in place will significantly aid in these events. It is essen- 
tial to have a disposal plan in place before moving forward 
with necropsy. Often these responses are done in cooperation 
with appropriate municipalities. These agencies are often the 
best option for resources, as they also have a vested interest 
in responding to the event and removing the carcass from the 
area. Disposal options and available resources can be limiting 
factors in large whale necropsies (see Chapter 28). 

Responding to a live large whale should only be under- 
taken with the support of experienced responders. First 
responders can be invaluable in securing the scene, identify- 
ing the species of animal, taking photographs, and keeping 
the public at a safe distance. With the help of experts, the best 
course of action for the animal can be determined. Saving 
live, stranded large whales is an immense challenge and is 
frequently impossible. Especially note that in most cases it is 
not advisable to pull animals (regardless of size) offshore by 
their flukes. Often the most humane response is to euthanize 
the animal (see Chapter 28), or to “let nature take its course” 
(ie., either the animal is freed by the rising tide with uncer- 
tain survival, or the animal expires naturally). 


Establishing a Stranding 
Response Network 


There are many considerations when developing a new strand- 
ing response organization, including 


* Obtaining permits and authorizations from govern- 
ing authorities 

¢ Ensuring experienced personnel resources 

¢ Training of other staff and volunteers 

* Having adequate equipment at the ready Ge., for 
safety, response, etc.) 

¢ Making sure funding is available and a sustainability 
plan is in place 


First and foremost, it is essential to understand the legal 
status of marine mammals in the country in question. With 
this knowledge, one can obtain the necessary permits Gf any) 
that are required to legally respond to and handle stranded 
marine mammals. Many stranding response organizations 
are nongovernmental organizations or nonprofits. Others are 


part of government agencies, universities, or aquaria. Each 
operational model should be considered, and the benefits 
and disadvantages of each evaluated before developing a 
stranding response organization. Once response organiza- 
tions have been developed, consideration should be given 
to combining efforts into an organized stranding response 
network. This organization may be by a government agency, 
a university, or other large entity, or may be a joint agreement 
between or among partners, with clearly stated and agreed- 
upon roles and responsibilities. For instance, delineating geo- 
graphic response areas for each organization is useful, as is 
determining points of communication for requests for aid in 
large events (especially in the case of mass strandings, large 
whales, etc.). A stranding response network may be estab- 
lished at the local, regional, national, or international level. 

The next step in stranding response organization devel- 
opment is recruiting, training, and managing a corps of vol- 
unteers. It is true for almost every stranding network globally 
that volunteers are a vital and necessary part of the team. 
Recruiting volunteers that live in coastal communities ensures 
the capacity for local and timely response. They are often 
the first to arrive on scene. Well-trained volunteers can 
greatly improve the management of public safety, care of live 
stranded animals, and collection of critical data. 

After considering the legal implications, and recruiting 
and training volunteers, it is important to obtain the neces- 
sary equipment for the job. It is not necessary to have the 
most technologically advanced gear. However, it is important 
to have basic gear and supplies for documenting strandings, 
recording data, providing basic care, collecting samples, and 
keeping staff and volunteers safe (e.g., personal protective 
equipment). Protocols and equipment for effective communi- 
cation are also key (mobile phones and/or radios). 

Once field response is complete, the data need to be 
managed effectively. Several basic databases are available for 
use by stranding network organizations, but the most impor- 
tant thing is to have consistent and standardized data entry 
and quality control. Many existing stranding response orga- 
nizations openly share their database templates with other 
organizations. Whenever possible, it is helpful to collect data 
in a comparable way across organizations and geographic 
regions to allow for the analysis of larger data sets in both 
geographic scope and time. 

The next step is sharing, analysis, and publication of data. 
For many stranding networks, data analysis and publication 
are by default a secondary priority to actual field response. As 
a result, sometimes valuable data remain unavailable to the 
larger scientific, welfare, and conservation communities. This 
stumbling block can be overcome by working in partnership 
with academic institutions and other stranding organizations 
and partners to maximize resources. At the very least, shar- 
ing information at regional, national, and international con- 
ferences makes data available to a wider audience. 

Finally, the issue of sustainability must be addressed. One 
of the greatest challenges a stranding network organization 
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can face is developing a sustainable business model. Raising 
money to build and sustain a stranding response network 
can be challenging. Nonprofit organizations often depend on 
grants and donations to fund their activities, while govern- 
ment agencies, universities, and aquaria may receive base 
operational funding from their parent organization. Whichever 
means are used to support the organization, it is important to 
plan ahead and develop strategies to secure ongoing funding 
and diversify revenue streams. 
Tips for starting a stranding network: 


1. Start small. Establish a group in a small local area of 
coastline, where you can achieve your organizational 
goals successfully. Then expand that area as needed, 
or as feasible. 

2. Convene a group of individuals or organizations inter- 
ested in responding to stranding events. Building a 
coalition with community support is important. 

3. Ensure that network leaders are appropriately trained 
personnel and familiar with response activities. The 
network leaders could be veterinary profession- 
als, marine biologists, and researchers affiliated with 
environmental institutions, academia, or government 
authorities. 

4. Coordinate closely with the local government to 
ensure that appropriate permissions are sought and 
granted. 

5. Conduct educational and training workshops to cre- 
ate awareness and to recruit volunteers (e.g., fisher- 
men, school and college students, public). 

6. Create awareness and educate the public about marine 
mammals. This is critical for longevity of networks. 
Knowing why a response network is important will 
result in volunteer interest, resource investments, and 
sustainability. It will also ensure that your organiza- 
tion learns about stranded animals as soon as pos- 
sible after the stranding event. 

7. Use emergencies or high-profile strandings to enhance 
awareness and capacity building. 

8. Identify other partners regionally or internationally, 
or those individuals who may not be able to commit 
full-time to the network but may be available on a 
case-by-case basis. In a large-scale event, such as a 
large whale or mass stranding, you will need to call 
on additional resources for help. 

9. Be aware of your limitations and work within avail- 
able resources. 

10. Do not take unnecessary risks. Human safety is para- 
mount in any response activity. 


The extent of stranding network development varies world- 
wide depending upon goals; funding; public interest; extent of 
cooperation among federal, academic, and welfare organiza- 
tions; facilities; the number of strandings per year; and longev- 
ity of the network in place (Wilkinson and Worthy 1999). In 


collecting information on stranding networks to compile this 
chapter, the predominant concern of people contacted world- 
wide was the lack of funding. Contacts and brief descriptions 
of stranding networks are summarized in Appendix 5. 


Acknowledgments 


The authors thank Drs. Frances Gulland and Leslie Dierauf for 
creating the first-edition version of this chapter, Sarah Wilkin 
and Peter Thomas for reviewing it, and Meredith Sherrill for 
her assistance with contacting stranding networks worldwide. 


References 


Ackerman, B.B., S.D. Wright, R.K. Bonde, DJ. Odell, and DJ. 
Banowetz. 1995. Trends and patterns in mortality of manatees 
in Florida, 1974-1992. Population biology of the Florida mana- 
tee. US Department of the Interior, National Biological Service, 
Information and Technology Report 1: 223-256. 

Adimey, N.M., C.A. Hudak, J.R. Powell et al. 2014. Fishery gear inter- 
actions from stranded bottlenose dolphins, Florida manatees 
and sea turtles in Florida, USA. Mar Pollut Bull 81: 103-115. 

Adimey, N.M., M. Ross, M. Hall et al. 2016. Twenty-six years of post- 
release monitoring of Florida manatees (Trichechus manatus 
latirostris): Evaluation of a cooperative rehabilitation program. 
J Aquat Mamm 42: 376-391. 

Aguilar, A., and J.A. Raga. 1993. The striped dolphin epizootic in the 
Mediterranean Sea. Ambio 22: 524-528. 

Anan, Y., T. Kunito, T. Ikemoto et al. 2002. Elevated concentra- 
tions of trace elements in Caspian seals (Phoca caspica) found 
stranded during the mass mortality events in 2000. Arch 
Environ Contam Toxicol 42: 354-362. 

Anthony, SJ., J.A. St. Leger, K. Pugliares et al. 2012. Emergence of 
fatal avian influenza in New England harbor seals. mBio 3: 
e00166-12. 

Aurioles-Gamboa, D. 2015. Arctocephalus townsendi. The IUCN 
Red List of Threatened 489 Species 2015: e.T2061A45224420. 

Ballachey, B.E., C.S. Gorbics, and A.M. Doroff. 2002. Sea Otter 
Mortality in Orca Inlet, Prince William Sound, Alaska, win- 
ter 1995-1996. US Fish and Wildlife Service Technical Report 
MMM 02-1, February 2002. 

Beatson, E., S. O’Shea, and M. Ogle. 2007. First report on the stom- 
ach contents of long-finned pilot whales, Globicephala melas, 
stranded in New Zealand. N Z J Zool 34: 51-56. 

Berman-Kowalewski, M., F. Gulland, S. Wilkin et al. 2010. Association 
between blue whale (Balaenoptera musculus) mortality and 
ship strikes along the California coast. J Aquat Mamm 30: 
59-60. 

Bodkin, J.L., B.E. Ballachey, H.A. Coletti et al. 2012. Long-term 
effects of the ‘Exxon Valdez’ oil spill: Sea otter foraging in the 
intertidal as a pathway of exposure to lingering oil. Mar Ecol- 
Prog Ser 447: 273-287. 


14 Stranding Response 


Bodewes, R., T.M. Bestebroer, E. van der Vries et al. 2015. Avian 
influenza A (H10N7) virus-associated mass deaths among har- 
bor seals. Emerg Infect Dis 21: 710-722. 

Bogomolni, A.L., K.R. Pugliares, K. Patchett, S.M. Herzig, C.T. Harry, 
J.M. LaRocque, K.M. Touhey, and MJ. Moore. 2009. Mortality 
Trends of Stranded Marine Mammals on Cape Cod and 


Southeastern Massachusetts between 2000-2006. Diseases of 


Aquatic Organisms 88: 143-155. 

Bossart, G.D., D.G. Baden, R-Y. Ewing, B. Roberts, and S. Wright. 
1998. Brevetoxicosis in manatees (Trichechus manatus latiros- 
tris) from the 1996 epizootic: Gross, histologic and immuno- 
histologic features. Toxicol Pathol 26: 276-282. 

Bottein, M., L. Kashinsky, Z. Wang, C. Littnan, and J. S. Ramsdell. 
2011. Identification of ciguatoxins in Hawaiian monk seals 
(Monachus schainslandi) from the northwestern and main 
Hawaiian Islands. Environ Sci Technol 45: 5403-5409. 

Boyce, W.M., I. Mena, P.K. Yochem et al. 2013. Influenza A (HIND) 
pdm09 virus infection in marine mammals in California. Emerg 
Microbes Infect 2: e40. 

Brabyn, MW. 1991. An analysis of the New Zealand whale stranding 
record. Department of Conservation, Science & Research 29: 
0113-3713. 

Brownlow, A., J. Onoufriou, A. Bishop, N. Davison, and D. Thompson. 
2016. Corkscrew Seals: Grey Seal (Halichoerus grypus) Infan- 
ticide and Cannibalism May Indicate the Cause of Spiral Lacer- 
ations in Seals. PLoS One 116): e0156464. doi:10.1371/journal 
-pone.0156464 

Castinel, A., PJ. Duignan, W.E. Pomroy et al. 2007. Neonatal mor- 
tality in New Zealand sea lions (Phocarctos hookeri) at Sandy 
Bay, Enderby Island, Auckland Islands from 1998 to 2005. 
J Wildl Dis 43: 461-474. 

Conn, P.B., and G.K. Silber. 2013. Vessel speed restrictions reduce 
risk of collision-related mortality for North Atlantic right whales. 
Ecosphere 4: 43. 

Cox, T.M., TJ. Ragen, AJ. Read et al. 2006. Understanding the 
impacts of anthropogenic sound on beaked whales. J Cetacean 
Res Manag 7: 177-187. 

Daszak, P.L., A.A. Cunningham, and A. Hyatt. 2000. Emerging infec- 
tious diseases of wildlife—threats to biodiversity and human 
health. Science 287: 443-449. 

Deaville, R., and P.D. Jepson. 2011. CSIP Final Report for the 
period 1st January 2005—31st December 2010. UK Cetacean 
Strandings Investigation Programme: Report to the UK 
Department for Food and Rural Affairs and the Devolved 
Administrations. 

http://randd.defra.gov.uk/Document.aspx?Document=FinalCSIPR 
eport2005-2010_finalversion061211released[1].pdf [accessed 
March 19, 2017]. 

DeGange, A.R., and M. Vacca. 1989. Sea otter mortality at Kodiak 
Island, Alaska, during summer 1987. / Mammal 70: 836-838. 

Dodman, T., N.M. Dagou Diop, and S. Khady. 2008. Conservation 
Strategy for the West African Manatee. Dakar, Senegal: UNEP, 
Nairobi, Kenya and Wetlands International Africa. 

Domingo, M., L. Ferrer, M. Pumarola et al. 1990. Morbillivirus in 
dolphins. Nature UK 348: 6296. 


Duignan, PJ., C. House, D.K. Odell et al. 1996. Morbillivirus infec- 
tion in bottlenose dolphins: Evidence for recurrent epizootics 
in the western Atlantic and Gulf of Mexico. Marine Mammal 
Sci 12: 499-515. 

Duignan, P., J. Wang, J. Bingham et al. 2014b. Cetacean morbil- 
livirus in coastal Indo-Pacific bottlenose dolphins, Western 
Australia. Emerg Infect Dis 20: 666-670. 

Duignan, PJ., M.F. Van Bressem, J.D. Baker et al. 2014a. Phocine 
distemper virus: Current knowledge and future directions. 
Viruses 6: 5093-5134. 

Estes, J.A., M. Tinker, T.M. Williams, and D.F. Doak. 1998. Killer 
whale predation on sea otters linking oceanic and nearshore 
ecosystems. Science 282: 473-476. 

Evans, D.L., and G. England. 2001. Joint interim report: Bahamas 
marine mammal stranding event of 15-16 March 2000. http:// 
www.nmfs.noaa.gov/pr/pdfs/health/stranding_bahamas2000 
.pdf [accessed March 20, 2017]. 

Evans, K., M. Morrice, and M. Hindell. 2002. Three mass strand- 
ings of sperm whales (Physeter macrocephalus) in southern 
Australian waters. Marine Mammal Sci 18: 622-643. 

Evans, P.G.H. 2002. Habitat pressures. In Encyclopedia of marine 
mammals, ed. W.E. Perrin, B. Wursig, and J.G.M. Thewissen, 
545-548. San Diego: Academic Press. 

Fernandez, A., J.F. Edwards, F. Rodriguez et al. 2005. Gas and fat 
embolic syndrome involving a mass stranding of beaked 
whales (Family Ziphbiidae) exposed to anthropogenic sonar 
signals. Vet Pathol 42: 446-457. 

Fernandez, A., M. Arbelo, R. Deaville et al. 2004. Beaked whales, 
sonar and decompression sickness. Nature 428: 6984. 

Fire, S., L. Flewelling, M. Stolen et al. 2015. A brevetoxin-associ- 
ated mass mortality event of bottlenose dolphins (Zursiops 
truncatus) and Florida manatees (Trichechus manatus lat- 
irostris) along the east coast of Florida. Mar Ecol Prog Ser 
526: 241-251. 

Flewelling, L., J.P. Naar, J. Abbott et al. 2005. Brevetoxicosis: Red 
tides and marine mammal mortalities. Nature 435: 755-756. 

Forcada, J., A. Aguilar, P.S. Hammond, X. Pastor, and R. Aguilar. 
1994. Distribution and numbers of striped dolphins in the 
western Mediterranean Sea after the 1990 epizootic outbreak. 
Marine Mammal Sci 10: 137-150. 

Freitas, L. 2004. The stranding of three Cuvier’s beaked whales 
Zipbius caviostris in Madeira archipelago —- May 2000. ECS 
Newsletter 42: 28-32. 

Gales, NJ. 1992. Mass stranding of striped dolphin, Stenella 
coeruleoalba, at August, Western Australia: Notes on clin- 
ical pathology and general observations. J Wildl Dis 28: 
651-655. 

Garshelis, D.L., and J.A. Estes. 1997. Sea otter mortality from the 
Exxon Valdez oil spill: Evaluation of an ESTNATB from boat- 
based surveys. Marine Mammal Sci 13: 341-351. 

Gaydos, J.K. 2006. Bottlenose Dolphins and Brevetoxins: A Coor- 
dinated Research and Response Plan. NOAA Technical Memo- 
randum NMFS-OPR-322. 

Geraci, J.R. 1978. The enigma of marine mammal strandings. 
Oceanus 21: 38-47. 


Stranding Response 15 


Geraci, J.R. 1990. Physiologic and Toxic Effects on Cetaceans. In Sea 
Mammals and Oil: Confronting the Risks, ed. J. R. Geraci, and 
D. J. St. Aubin, 167-197. San Diego: Academic Press. 

Geraci, J.R., and DJ. St. Aubin. 1979. The Biology of Marine Mammals: 
Insights Through Strandings. Washington, DC: Marine Mammal 
Commission. 

Geraci, J.R., D.M. Anderson, RJ. Timperi et al. 1989. Humpback 
whales Wegaptera nova-eangliae) fatally poisoned by dinofla- 
gellate toxin. Can J Fish Aquat Sci 46: 1895-1898. 

Geraci, J.R., J. Harwood, and VJ. Lounsbury. 1999. Marine mammal 
die-offs: causes, investigations and issues. In Conservation 
and Management of Marine Mammals, ed. J.R. Twiss, and R.R. 
Reeves, 367-395. Washington, DC: Smithsonian Institution Press. 

Geraci, J.R., and V. Lounsbury. 2005. Marine Mammals Ashore: 
A Field Guide for Strandings. Galveston: Texas A&M University 
Sea Grant College Program. 

Gilmartin, W.G., R.L. DeLong, AW. Smith, L.A. Griner, and M.D. 
Dailey. 1980. An investigation into unusual mortality in the 
Hawaiian monk seal, Monachus schauinslandi. In Proceedings 
on status of resource investigation in the northwestern 
Hawaiian Islands, Honolulu, HI: University of Hawaii, 32-41. 
UNIHI-SEAGRANT-MR-80-04. 

Greig, D., F. Gulland, and C. Kreuder. 2005. A decade of live 
California sea lion (Zalophus californianus) strandings along 
the central California coast: Causes and trends, 1991-2000. 
J Aquat Mamm 31: 11-22. 

Gulland, F.M.D. 2006. Review of the marine mammal unusual mor- 
tality event response program of the National Marine Fisheries 
Service. NOAA Technical Memorandum NMFS-OPR-33. 

Gulland, F.M.D., and A. Hall. 2007. Is marine mammal health dete- 
riorating Trends in global reporting of marine mammal dis- 
ease. EcoHealth 4: 135-150. 

Gulland, F.M.D., F. Nutter, K. Dixon et al. 2008. Health assessment, 
antibiotic treatment, and behavioral responses to herding 
efforts of a cow-calf pair of humpback whales (Megaptera 
novaeangliae) in the Sacramento River Delta, California. 
Aquat Mamm 34: 182-192. 

Gulland, F.,, H. Pérez-Cortés, M.J. Urban et al. 2005. Eastern North 
Pacific gray whale (Eschrichtius robustus) unusual mortal- 


ity event, 1999-2000: A compilation. U.S. Department of 


Commerce, NOAA Technical Memorandum NMFS-AFSC-150. 

Gulland, F.M.D., M. Koski, L.J. Lowenstine, A. Colagross, L. Morgan, 
and T. Spraker. 1996. Leptospirosis in California sea lions 
(Zalophus californianus) stranded along the central California 
coast, 1981-1994. J Wildl Dis 32: 572-580. 

Gulland, F.M.D., M. Haulena, D. Fauquier et al. 2002. Domoic acid 
toxicity in Californian sea lions (Zalophus californianus): 
Clinical signs, treatment and survival. Vet Rec 150: 475-480. 

Haley, NJ., and AJ. Read. 1993. Summary of the Workshop on Harbor 
Porpoise Mortalities and Human Interactions. NOAA Technical 
Memorandum. U.S. National Marine Fisheries Service/NER-5. 

Harting, A.L., T.C. Johanos, and C.L. Littnan. 2014. Benefits derived 
from opportunistic survival-enhancing interventions for the 
Hawaiian monk seal: The silver BB paradigm. Endanger 
Species Res 25: 89-96. 


Hernandez, M., I. Robinson, A. Aguilar et al. 1998. Did algal toxins 
cause monk seal mortality? Nature 393: 28-29. 

Jepson, P.D., M. Arbelo, R. Deaville et al. 2003. Gas-bubble lesions in 
stranded animals: Was sonar responsible for a spate of whale 
deaths after an Atlantic military exercise? Nature 425: 575-570. 

Jepson, P.D., R. Deaville, A.P. Patterson et al. 2005. Acute and 
chronic gas bubble lesions in cetaceans stranded in the United 
Kingdom. Vet Pathol 42: 291-305. 

Jepson, P.D., R. Deaville, K. Acevedo-Whitehouse et al. 2013. What 
caused the UK’s largest common dolphin Welphinus delphis) 
mass stranding event? PLoS One 8: e60953. 

Keith Diagne, L. 2016. Trichechus senegalensis. The IUCN Red List 
of Threatened Species 2016, e.T22104A97168578. http://www 
iucnredlist.org/details/22104/0 [accessed March 20, 2017]. 

Kemper, C.M., A. Flaherty, S.E. Gibbs et al. 2005. Cetacean cap- 
tures, strandings and mortalities in South Australia 1881-2000, 
with special reference to human interactions. Aust Mammal 
27: 37-47. 

Kennedy, S., J.A. Smyth, P.F. Cush et al. 1988. Viral distemper now 
found in porpoises. Nature 336: 6194. 

Kovacs, K.M., A. Aguilar, D. Aurioles et al. 2012. Global threats to 
pinnipeds. Marine Mammal Science 28: 414-436. 

Kreuder, C., M. Miller, L.J. Lowenstine et al. 2005. Evaluation of car- 
diac lesions and risk factors associated with myocarditis and 
dilated cardiomyopathy in southern sea otters (Enhydra lutris 
nereis). Am J Vet Res 66: 289-299. 

Lander, M.E., and F. Gulland. 2003. Rehabilitation and post-release 
monitoring of Steller sea lion pups raised in captivity. Wild Soc 
B 31: 1047-1053. 

Landsberg, J.H., and K.A. Steidinger. 1998. A historical review of 
Gymnodinium breve red tides implicated in mass mortalities of 
the manatee (Jrichechus manatus latirostris) in Florida, USA. 
In: Harmful Algae, ed. B. Reguera, J. Blanco, M.L. Fernandez, 
and T. Wyatt, 97-100. Paris: Xunta de Galicia, IOC. 

Laws, R.M., and RJ.F. Taylor. 1957. A mass dying of crabeater seals, 
Lobodon carcinophagus (Gray). Proc R Zool Soc Lond 129: 
315-324. 

Leeney, R.H., R. Amies, A.C. Broderick et al. 2008. Spatio-temporal 
analysis of cetacean strandings and bycatch in a UK fisheries 
hotspot. Biodivers Conserv 17: 2323-2338. 

Lefebvre, K., L. Quakenbush, E. Frame et al. 2016. Prevalence of 
algal toxins in Alaskan marine mammals foraging in a chang- 
ing arctic and subarctic environment. Harm/ul Algae 55: 13-24. 

Lightsey, J.D., S.A. Rommel, A.M. Costidis, and T.D. Pitchford. 2006. 
Methods used during gross necropsy to determine watercraft- 
related mortality in the FL manatee. J Zoo Wildl Med 37: 262-275. 

Lipscomb, T.P., FY. Schulman, D. Moffett, and S. Kennedy. 1994. 
Morbilliviral disease in Atlantic bottlenose dolphins (Zursiops 
truncatus) from the 1987-1988 epizootic. J Wildl Dis 30: 
567-571. 

Litz, J.A., M.A. Baran, S.R. Bowen-Stevens et al. 2014. Review of his- 
torical unusual mortality events (UMEs) in the Gulf of Mexico 
(1990-2009): Providing context for the multi-year northern 
Gulf of Mexico cetacean UME declared in 2010. Dis Aquat 
Organ 112: 161-175. 


16 Stranding Response 


Malakoff, D. 2016. A race to vaccinate rare seals. Science 352: 1265. 

Marine Mammal Protection Act (MMPA), Title IV. 1995. Marine 
Mammal Protection Act of 1972, as amended. 16 U.S.C. 
1421 ff. 

Marsh, H., H. Penrose, C. Eros, and J. Hugues. 2002. Dugong sta- 
tus report and action plan for countries and territories. Early 
Warning and Assessment Report Series UNEP/DEWA/RS.02-1, 
United Nations Environment Program. 

Mase, B., W. Jones, R. Ewing et al. 2000. Epizootic in bottlenose 
dolphins in the Florida panhandle: 1999-2000. In Annual 
Proceedings of the International Association of Aquatic Animal 
Medicine, 522-524. New Orleans, LA. 

McLellan, W.A., A.S. Friedlander, J.G. Mead, C.W. Potter, and D.A. 
Pabst. 2002. Analysing 25 years of bottlenose dolphin (Jursiops 
truncatus) strandings along the Atlantic coast of the USA: Do 
historic records support the coastal migratory stock hypoth- 
esis? J Cetacean Res Manag 4: 297-304. 

Meirelles, A.C.O. 2008. Mortality of the Antillean manatee, Trichechus 
manatus manatus, in Ceara State, north-eastern Brazil. / Mar 
Biol Assoc 88: 1133-1137. 

Melin, S., A. Orr, J. Harris et al. 2010. Unprecedented mortality of 
California sea lion pups associated with anomalous oceano- 
graphic conditions along the central California coast in 2009. 
Cal Coop Ocean Fish 51: 182-194. 

Mellish, J.E., D.G. Calkins, D.R. Christen et al. 2006. Temporary 
captivity as a research tool. J Aquat Mamm 32: 58-05. 

Mignucci-Giannoni, A.A., R.A. Monotya-Ospina, N.M. Jiménez- 
Marrero, M. A. Rodriguez-Lopez, E.H. Williams Jr, and R.K. 
Bonde. 2000. Manatee mortality in Puerto Rico. Environ 
Manag 25: 189-198. 

Miller, M., P. Conrad, M. Harris et al. 2010. A protozoal-associated 
epizootic impacting marine wildlife: Mass mortality of south- 
ern sea otters (Enhydra lutris nereis) due to Sarcocystis neu- 
rona infection. Vet Parasitol 172: 183-194. 

Moore, K.T., and S.G. Barco. 2013. Handbook for recognizing, evalu- 
ating, and documenting human interaction in stranded ceta- 
ceans and pinnipeds. U. S. Department of Commerce, NOAA 
Technical Memorandum NOAA-TM-NMFSSWFSC-510. 

Moore, M., G. Early, K. Touhey et al. 2007. Rehabilitation and release 
of marine mammals in the United States: risks and benefits. 
Marine Mammal Sci 23: 731-750. 

Moore, MJ., J. van der Hoop, S.G. Barco et al. 2013. Criteria and 
case definitions for serious injury and death of pinnipeds and 
cetaceans caused by anthropogenic trauma. Dis Aquat Organ 
103: 229-264. 

Moore, S.E., K.E. Shelden, L.K. Litzky, B.A. Mahoney, and DJ. Rugh. 

2000. Beluga, Delphinapterus leucas, habitat associations in 

Cook Inlet, Alaska. Mar Fish Rev 62: 60-80. 

Morais, M. 2006. The African manatee (Irichechus senegalensis) 

condition and distribution study throughout Cuanza River. 

Unpublished report. 

Murray, K.T., AJ. Read, and A.R. Solow. 2000. The use of time/area 
closures to reduce bycatches of harbour porpoises: Lessons 


from the Gulf of Maine sink gillnet fishery. J Cetacean Res 
Manage 2(2): 135-141. 


O’Shea, TJ., G.B. Rathburn, R.K. Bonde, C.D. Buergelt, and D.K. 
Odell. 1991. An epizootic of Florida manatees associated with 
a dinoflagellate bloom. Marine Mammal Sci 7: 165-179. 

Owen, H.C., F. Flint, CJ. Limpus, C. Palmieri, and P.C. Mills. 2013. 
Evidence of sirenian cold stress syndrome in dugongs from 
Southeast Queensland, Australia. Dis Aquat Organ 103: 1-7. 

Powell, J.A. 1996. The distribution and biology of the West African 
manatee (Trichechus senegalensis) (LINK 1795). Nairobi, 
Kenya: United Nations Environmental Program, Regional Seas 
Programme, Ocean and Coastal Areas. 

Puryear, W.B., M. Keogh, N. Hill et al. 2016. Prevalence of influenza 
A virus in live-captured North Atlantic gray seals: A possible 
wild reservoir. Emerg Microbes Infect 5(8): e81. 

Reeves, R.R., K. McClellan, and T.B. Werner. 2013. Marine mammal 
bycatch in gillnet and other entangling net fisheries, 1990 to 
2011. Endanger Species Res 20: 71-91. 

Scholin, C.A., FM.D. Gulland, GJ. Doucette et al. 2000. Mortality 
of sea lions along the central California coast linked to a toxic 
diatom bloom. Nature 403: 80-84. 

Schulman, FY., T.P. Lipscomb, D. Moffett et al. 1997. Histologic, 
immunohistochemical, and polymerase chain reaction stud- 
ies of bottlenose dolphins from the 1987-1988 United States 
Atlantic coast epizootic. Vet Pathol 34: 288-295. 

Shapiro, K., M. Miller, and J. Mazet. 2012. Temporal association between 
land-based runoff events and California sea otter Enhydra lutris 
nereis) protozoal mortalities. J Wildl Dis 48: 394-404. 

Silvagni, P.A., LJ. Lowenstine, T. Spraker, T.P. Lipscomb, and F.M.D. 
Gulland. 2005. Pathology of domoic acid toxicity in California 
sea lions (Zalophus californianus). Vet Pathol 42: 184-191. 

Southall, B.L., R. Braun, F.M.D. Gulland et al. 2006. Hawaiian 
melon-headed whale (Peponocephala electra) mass strand- 
ing event of July 3-4, 2004. NOAA Technical Memorandum 
NMFS-OPR-31. 

Southall, B.L., T. Rowles, F. Gulland, RW. Baird, and P.D. Jepson. 
2013. Final report of the Independent Scientific Review Panel 
investigating potential contributing factors to a 2008 mass 
stranding of melon-headed whales (Peponocephala electra) in 
Antsohihy, Madagascar. 

St. Aubin, DJ., J.R. Geraci, and VJ. Lounsbury. 1996. Rescue, rehabil- 
itation, and release of marine mammals: An analysis of current 
views and practices. Proceedings of a workshop, Des Plaines, 
Illinois, 3-5 December 1991, U.S. Department of Commerce, 
National Oceanographic and Atmospheric Administration 
Technical Memorandum NMFS-OPR-8. 

St. Aubin, DJ., and V. Lounsbury. 1990. Oil effects on manatees: 
Evaluating the risks. In Sea Mammals and Oil: Confronting the 
Risks, ed. J.R. Geraci, and DJ. St. Aubin, 241-251. San Diego: 
Academic Press. 

Tinker, M.T., B.B. Hatfield, M.D. Harris, and J.A. Ames. 2016. 
Dramatic increase in sea otter mortality from white sharks in 
California. Marine Mammal Sci 32): 309-326. 

Torres de la Riva, G., C.K. Johnson, F.M.D. Gulland et al. 2009. 
Association of an unusual marine mammal mortality event with 
Pseudo-nitzschia spp. blooms along the southern California 
coastline. J Wildl Dis 45: 109-121. 


Stranding Response 17 


Trillmich, F, and D. Limberger. 1985. Drastic effects of El Nifio on 
Galapagos pinnipeds. Oecologia 67: 19-22. 

Twiner, MJ., LJ. Flewelling, S.E. Fire et al. 2012. Comparative analy- 
sis of three brevetoxin-associated bottlenose dolphin (Jursiops 
truncatus) mortality events in the Florida panhandle region 
(USA). PLoS One 7(8): e42974. 

Ulloa-Encina, M., R. Hucke-Gaete, L. Bedrinana-Romano et. al. 
2016. Unusual mass mortality event of rorqual whales in the 
Gulf of Pefias, Chile, during 2015. Paper SC/66b/E/01 presented 
to the International Whaling Commission Scientific Committee. 

Van Bressem, M.F., P. Duignan, A. Banyard et al. 2014. Cetacean 
morbillivirus: Current knowledge and future directions. Viruses 
6: 5145-5181. 

van den Brand, J.M.A., P. Wohlsein, S. Herfst et al. 2016. Influenza A 
(H10N7) virus causes respiratory tract disease in harbor seals 
and ferrets. PLoS One 11: e0159625. 

Venn-Watson, S., K.M., Colegrove, J., Litz et al. 2015. Adrenal 
gland and lung lesions in Gulf of Mexico common bottle- 
nose dolphins (Tursiops truncatus) found dead following the 
Deepwater Horizon oil spill. PloS One 10(5): 0126538. 

Vos, DJ., and K.EW. Sheldon. 2005. Unusual mortality in the 
depleted Cook Inlet Beluga (Delphinapterus leucas) popula- 
tion. Northwest Nat 86: 59-65. 

Walker, RJ., E.O. Keith, A-E. Yankovsky, and D.K. Odell. 2005. 
Environmental correlates of cetacean mass stranding sites in 
Florida. Marine Mammal Sci 21: 327-335. 

Wells, R., C. Manire, H. Rhinehart et al. 1999a. Ranging patterns 
of rehabilitated rough-toothed dolphins, Steno bredanensis, 
released in the northeastern Gulf of Mexico. In 13th Biennial 
Conference on the Biology of Marine Mammals, Maui, HI, USA. 


Wells, R.S., H.L. Rhinehart, P. Cunningham et al. 1999b. Long dis- 
tance offshore movements of bottlenose dolphins. Marine 
Mammal Sci 15: 1098-1114. 

Wilkin, S.M., J. Cordaro, F.M.D. Gulland et al. 2012. An Unusual 
Mortality Event of harbor porpoises (Phocoena phocoena) off 
central California: Increase in blunt trauma rather than an epi- 
zootic. J Aquat Mamm 38: 301-310. 

Wilkinson, D.M. 1991. Report to Assistant Administrator for Fisheries: 
Program Review of the Marine Mammal Strandings Networks. 
Silver Spring, Maryland: U.S. Department of Commerce, NOAA, 
National Marine Fisheries Service. 

Wilkinson, D., and AJ. Worthy. 1999. Marine mammal stranding net- 
works. In Conservation and Management of Marine Mammals, 
ed. J.R. Twiss, and R.R. Reeves, 396-411. Washington, DC: 
Smithsonian Institution Press. 

Wobeser, G.A. 1994. Investigation and Management of Disease in 
Wild Animals. New York: Plenum Press. 

Yang, W., L.S. Chou, P.D. Jepson et al. 2008. Unusual cetacean mor- 
tality event in Taiwan, possibly linked to naval activities. Vet 
Rec 1062: 184. 

Zabka, T., T. Goldstein, C. Cross et al. 2009. Characterization of 
a degenerative cardiomyopathy associated with domoic acid 
toxicity in California sea lions (Zalophus californianus). Vet 
Pathol 46: 105-119. 


Taylor & Francis 
Taylor & Francis Group 


http://taylorandfrancis.com 


2 
OIL SPILL KESPONSE AND EFFECTS 


MICHAEL ZICCARDI AND SARAH WILKIN 


Contents 
Tint OGUCHOM ie cin sdhacuagcecduetinddsanhnd nats ctapaapedavediadanshaeteeweteaadenal 19 
General, Oil TOxACIY e528 )seeicdh ia gent tb eieaaadehcntestncesaneneesaiealenae 20 
Oil Effects on Marine Mammials..........cceceeceesteeeteetteeeteeeneees 21 
SEA. OMSMS yess incveneasecsveshasiennesg scam ss sapeyetaaa evn smeawmnranesmnernneys 21 
PiMDi PSs sicitsislaawicodseuhcvarenttadeereddaveeen satodatamereyaaseieadinae 21 
CELACSANS ahs ciissievasteatavncaneey ade nives aap eaves dyaiwaancans neveseptancaysera nee eé 22 
SIPEMIA MS: ceercadesveny cestaabensananavionsmmuvedsunivacsnenaeueeseueviensameneasal dass 23 
Polat Bears sssiesssspsssisscenanneste cs ouveeveenniia ise ias teva anes weenian ee 23 
General Response to Oil Spills one eeeneeeenes 23 
Wildlife Response Activities During Oil Spills 0... 24 
SAL Sty sei sieexa cen Teanvens saeveseabevavietsenansberentvenaameecoetnanenleeeee 
TAA ZANE: cies susisstwacesmedecesyestuywesusiessaseveandasveveearensenposvpermenneatianns 
Search and Collection 
TRANS POLE fcc pvssiisssiiendes peksadyedeyuwnd sapceoess iervass cova csvaanededaniera dived 
Processing 
Wtae ie sicestacseeecacturcing sataceetenp cv puveaidsbeeanarnceyianpusecaapeaness Mentones 
Prewash Care 
Cl eAT IIS oatsses ce vtengtediriernctstesigesiatoesdersa das Gatadouedenameearitenentes 
Postwash Care, Release, and Postrelease Monitoring ...... 30 
CONCIUSIONS sacs; seacash cskcssealaanxeand vucaegsaaaapaennadt less ieocnen cameotvnnnen ys 31 
ACKMOWLEEU SIMENES 53 esas tesheeyacaatepateessdev ue tesanegus tau emnsteeadensy 31 
INtemmet RESOUTCES 5.0. ccsscsnsevessseves se scesens nedeess cad spenssnrancsanessese cs 32 
REfELEN CSS rie Gadetiveks daancaares canawae rene dea casaneanaccandunrecymnenadeeey 32 


Introduction 


On 24 March 1989, the Exxon VaLpEz, a supertanker carry- 
ing close to 62 million gallons of Alaska North Slope crude 
oil, ran aground in Prince William Sound, Alaska (USA). In 
the ensuing 5 hours, approximately 37,000 metric tons (or 
11 million gallons) spilled into the sound and started one 
of the largest anthropogenic ecological disasters in history 
(Piper 1993). Although a massive environmental cleanup and 
rehabilitation effort was initiated, the acute effects on wild- 
life in the area were severe. It is estimated that the number 
of sea otters (Enhydra lutris) that died as a direct result of 
acute oiling during the Exxon Vatpez oil spill (EVOS) alone 
may have reached 4,000 animals (Garrott, Eberhardt, and 
Burn 1993). 

While this spill was not the first such incident to occur 
in United States waters, its enormous scale, impact, and 
visibility in the media led to a greater public awareness of 
the devastation that such incidents can have to the envi- 
ronment. The impacts of spilled oil on birds have long 
been known, with effects ranging from acute mortality due 
to hypothermia to chronic toxicity from ingested petro- 
leum (Leighton 1993; Jessup and Leighton 1996). Because 
of this history, significant investments have been made to 
develop protocols for the capture and care of avian species 
(Tseng 1999; Mazet et al. 2002; Massey 2006). In contrast, 
little work had been done for treating marine mammals 
prior to EVOS due to fewer incidents reporting these spe- 
cies being involved (Brownell and LeBoeuf 1971; Page 
and Allen 1985). During the oil spills in Santa Barbara, 
California (USA), in 1968-1969, many data were collected 
on stranded and dead pinnipeds, but the methods for ana- 
lyzing effects and comparative data were insufficient to 
show a causal link (Brownell and LeBouef 1971). This scar- 
city of specific physiological and behavioral information 
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limited the early success of the EVOS rehabilitation effort 
(Zimmerman, Gorbics, and Lawry 1994). Protocols and 
procedures were ultimately developed to care for sea otters 
and to collect pertinent tissue samples and data (Williams 
and Davis 1995), but comparable plans and guidelines for 
pinnipeds and cetaceans were delayed until 2006 (Johnson 
and Ziccardi 2006). The Macondo 252/Drrpwater Horizon 
Spill (DWH) in 2010 was the first significant oil spill to 
utilize these guidelines as the blueprint for how to orga- 
nize the response to oiled cetaceans, but the document 
was found lacking, as it was based largely on informa- 
tion gleaned from EVOS and individually oiled animals— 
namely, protocols that were focused on heavily furred 
marine mammals, not dolphins. 

Since the DWH incident, a great deal of information has 
surfaced on the potential chronic effects of oil on marine 
mammal species, from both acute external exposure as well 
as low-level internal exposure (presumably from inhalation 
and ingestion of contaminated food items, Schwacke et al. 
2013; Lane et al. 2015; Venn-Watson et al. 2015b; Deepwater 
Horizon Natural Resource Damage Assessment Trustees 
2016). Similarly, through the development of effective and 
integrated oiled marine mammal response management 
structure gleaned from DWH, a revision of the existing plans 
for pinnipeds and cetaceans has since taken place (Ziccardi et 
al. 2016). In guidelines developed by NOAA's National Marine 
Fisheries Service, marine mammal response can now work 
more effectively within the larger spill response structure, 
as well as integrating into other wildlife trustee responsibili- 
ties, such as Endangered Species Act Section 7 consultation 
and Oil Pollution Act Natural Resource Damage Assessment 
(Ziccardi et al. 2016). 

This chapter, therefore, is designed to elucidate the effects 
that petroleum exposure can have on marine mammal spe- 
cies, describe those procedures specific to oil spill response, 
and focus on critical organizational and response elements 
for an effective marine mammal effort. For more information 
on specific marine mammal medical, rescue, and rehabilita- 
tion techniques, the reader should consult other chapters in 
this book, as well as additional references such as Marine 
Mammals Ashore (Geraci and Lounsbury 2005). 


General Oil Toxicity 


Petroleum compounds are extremely complex mixtures, 
which can help to explain the wide variety of effects that 
have been noted in exposed organisms, as well as the dif- 
ficulties in detecting and characterizing such compounds in 
environmental samples. Crude oils can vary widely depend- 
ing upon the geographic areas from which they are extracted, 
as well as within a single area or well, the methods used to 
extract the product, and the year of production (Neff 1990). 
Once extracted, the distillation of these crude products (by 
sequential boiling and other specialized techniques) allows for 


the systematic isolation of different fractions, separating out 
lighter, more volatile components from heavier compounds, 
to meet specific industrial end user requirements (Barber et al. 
1996). This distillation process can either increase or decrease 
the proportion of components that are acutely or chronically 
toxic to organisms within the resultant product, making the 
understanding of the associated toxicity an extremely difficult 
process. 

Crude and refined petroleum products can contain 
thousands of different organic and inorganic compounds 
(Scholz et al. 1999). Oils can contain sulfur, nitrogen, oxy- 
gen, trace metals, and porphyrins Cinked pyrrole com- 
pounds derived from chlorophyll; National Research 
Council [USA] 2003); however, they are predominantly (50- 
98%) composed of various hydrocarbons (Clark and Brown 
1977). These hydrocarbons are usually categorized into 
four main categories: alkanes, naphthenes, alkenes, and 
aromatics. The aromatic compounds, which contain one 
or more rings of six carbons each connected by alternat- 
ing carbon-carbon double bonds, are considered the most 
toxic in petroleum products (Neff 1979). The smaller single- 
ring aromatics, such as benzene, have been strongly associ- 
ated with carcinogenicity, organopathies, and even death 
at high exposure levels in vertebrates. These compounds 
are readily available to biological systems due to their rela- 
tively high water solubility (Agency for Toxic Substances 
and Disease Registry [ATSDR] 1995a). Due to extreme vola- 
tility, however, they are often not found in large concentra- 
tions in petroleum releases except immediately following 
a spill. Many compounds containing two or more aromatic 
rings (also called polycyclic or polynuclear aromatic hydro- 
carbons, or PAHs) have caused carcinogenicity, reproduc- 
tive failure, and immunotoxicity in controlled studies on 
laboratory animals (ATSDR 1995b). These PAH compounds 
are less volatile and can better withstand oil “weathering,” 
the process by which oil is broken down through physical, 
chemical, and biological processes. However, they are often 
at comparatively low concentrations in oil products and are 
fairly insoluble in water. Significant exposure to these larger 
compounds may take place through ingestion of exposed 
prey items and through grooming and/or preening behav- 
iors in wildlife species. 

Toxicity of petroleum to wildlife is dependent upon mode 
of exposure, duration of exposure, characteristics of the prod- 
uct (e.g., crude vs. refined, fresh vs. weathered), species sen- 
sitivity, age and health status of the individual, and numerous 
other variables (Jessup and Leighton 1996). Species suscep- 
tibility to the negative impacts of oil spills can be far more 
subtle than immediate mortality and other obvious health- 
related effects. Biologists have long recognized changes in 
a given species’ biology and ecology that correlate with the 
occurrence of oil spills, and have found that species vary in 
the degree to which they are affected by an oil spill by virtue 
of variation in foraging behavior, migration patterns, and dis- 
tribution (Friend and Franson 1999). 
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Oil Effects on Marine Mammals 


Sea Otters 


The sea otter is one of the most at-risk species during oil 
spill events, as evidenced during the EVOS, because of sev- 
eral physiological and behavioral characteristics. Otters have 
a dense fur coat that traps a layer of air against the skin and 
provides insulation from cold marine waters, rather than the 
blubber or fat layer used by many other marine mammal spe- 
cies (Tarasoff 1974). Upon exposure to oil products, this dense 
coat loses its ability to repel water, thereby decreasing insula- 
tion and buoyancy, and potentially leading to hypothermia 
and associated physiological problems (Costa and Kooyman 
1982; Davis et al. 1988; Williams et al. 1988; Rebar et al. 
1995). To maintain this trapped air layer within the pelage, 
otters must constantly groom themselves, which, when oiled, 
can lead to significant internal exposure (Siniff et al. 1982). In 
order to maintain basal body temperatures, sea otters have an 
extremely high metabolic rate (estimated at 2.4 times that of 
a comparable terrestrial mammal; Costa and Kooyman 1982) 
and eat up to 25% of their body weight per day (Kenyon 
1969). In fact, Costa and Kooyman (1982) and Davis et al. 
(1988) demonstrated that fouling of only 18-20% of the coat 
of a sea otter with crude oil resulted in a 40-200% increase 
in metabolic rate to compensate for the loss of insulation, and 
the increased activity expended in attempts to clean the coat 
(see Chapter 29). This dietary intake can result in additional 
internal exposure to PAHs and petroleum compounds con- 
tained in prey species in affected environments (Neff et al. 
1987; Jaouen et al. 2000). 

In addition to the acute mortalities associated with the 
loss of thermoregulation and buoyancy, many physiological 
and behavioral problems have been attributed to internal 
exposure to petroleum and PAH compounds in otters. These 
conditions have included central nervous system depression, 
respiratory distress, interstitial pulmonary emphysema, aspi- 
ration pneumonia, anemia, adrenal gland dysfunction, hepatic 
necrosis, gastrointestinal erosions, and hepatic/renal lipidosis 
(Geraci and Williams 1990; Lipscomb et al. 1993). However, 
many of these conditions have been difficult to differenti- 
ate from lesions attributed to, or compounded by, shock and 
chronic stress associated with capture and the rehabilitation 
process (Williams and Davis 1995). It has become clear that 
animals captured during oil spill responses undergo addi- 
tional stressors that may or may not be offset by the medical 
care they receive. Therefore, minimizing the number of non- 
affected animals captured and processed may reduce associ- 
ated capture-related morbidity and mortality, and the costs 
associated with a rehabilitation effort. 

Long-term effects on sea otter individuals and populations 
continue to be explored following EVOS. Decreased survival 
rates were noted for more than 20 years following the spill 
(Monson et al. 2000), with continued exposure to petroleum 
hydrocarbons indicated by elevation of cytochrome P4501A 


levels in sea otters living in the oiled areas of Prince William 
Sound, compared to levels in sea otters in the unoiled areas 
(Bodkin et al. 2003). More recent studies have shown full 
recovery of population numbers, a return to prespill mortal- 
ity patterns (based on ages at death), and comparable gene 
transcription rates in sea otters from oiled, moderately oiled, 
and unoiled areas, suggesting abatement of exposure effects 
in 2012 (Ballachey et al. 2014). 


Pinnipeds 


Pinnipeds are a diverse group of marine mammals adapted 
to a variety of coastal and ice conditions with a global dis- 
tribution. Despite their worldwide abundance, observations 
of pinnipeds exposed to oil, and the subsequent effects, are 
limited. St. Aubin and Geraci (1990) provide a comprehen- 
sive overview of all reported oil-exposed pinnipeds from the 
1940s to the 1990s; however, documentation of oiling and 
species-specific sensitivity to oiling in pinnipeds has received 
little attention in the scientific literature. Between 5,000 and 
6,000 South American fur seals (Arctocephalus australis) and 
sea lions (Otaria flavescens), primarily pups, were docu- 
mented as oiled and dying in the San Jorce oil spill off Punta 
del Este in Uruguay in 1997, though little information has 
been published on the impact (Mearns et al. 1999). Effects of 
oil spills on pinnipeds were closely studied in harbor seals 
(Phoca vitulina) and Steller sea lions (Eumatopius jubatus) 
following EVOS, where animals were observed oiled and 
swimming in oil, or resting on oil-covered substrates in Prince 
William Sound (Calkins et al. 1994; Lowry, Frost, and Pitcher 
1994; Zimmerman, Gorbics, and Lowry 1994). Two months 
after the incident, 81% of harbor seals observed in oiled areas 
of Prince Williams Sound were classified as oiled; but 1 year 
later, no seals examined showed any signs of external oiling. 
In Norway, the effects of chronic oil pollution on populations 
of gray seals (Halichoerus gypus) from coastal shipping and 
discharges was explored, with little impact noted (Jenssen 
1996). In the Galapagos, 79 Galapagos sea lions (Zalophus 
wollebaeki) were observed oiled in 2001 during the Jessica oil 
spill, with a high prevalence of conjunctivitis and burns in 
these animals, but there were no long-term negative impacts 
on the population detected (Salazar 2003). In San Francisco 
Bay in 2007, California sea lions (Z. californianus) and harbor 
seals were documented oiled by a spill from the container 
ship M/V Cosco Busan, but there was little published on the 
effects on marine mammals. In 2015, 62 live and 106 dead 
marine mammals, primarily California sea lions and Northern 
elephant seals Wlirounga angustirostris), were collected as 
part of the Refugio oil spill off of Santa Barbara, California 
(Ziccardi unpubl. data), but a concurrent unusual mortality 
event (UME) has (at the time of this writing) a complicated 
interpretation of the effects of oil versus other biological or 
abiotic processes. 

Small-scale laboratory studies on the effects of oil have 
been conducted on ringed (Phoca hispida) and harp seals 
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(Phoca groenlandica; Smith and Geraci 1975; Geraci and 
Smith 1976); however, most studies have been unable to cor- 
relate the degree of oiling with the type of effect, and many 
of the lesions could be related to captivity stress or other 
underlying factors. Documented clinical and histopathologic 
effects of oil in pinnipeds include ambulatory restrictions, 
dermal irritation, thermoregulatory imbalance, conjunctivi- 
tis and corneal edema, gastrointestinal irritation, and liver 
and renal tubular necrosis (Davis and Anderson 1976; Geraci 
and Smith 1976; Engelhardt 1977; St. Aubin and Geraci 1990). 
During EVOS, heavy oiling did not appear to interfere with 
seal locomotion (Lowry, Frost, and Pitcher 1994), but in previ- 
ous spills, seal pups encased in oil have drowned due to their 
inability to swim (Davis and Anderson 1976). Oiling appears 
not to disrupt mother—pup interactions, and oiled harbor 
seal pups collected during EVOS appeared to be in normal 
physical condition (Davis and Anderson 1976; Lowry, Frost, 
and Pitcher 1994). However, during EVOS, harbor seals were 
observed exhibiting abnormally tame or lethargic behav- 
ior. These observations might be explained by brain lesions 
found in some oiled harbor seals and Steller sea lions likely 
caused by the toxic systemic effects of inhaled hydrocarbons 
(Spraker, Lowry, and Frost 1994). 

Pinnipeds in contact with oil may ingest it through prey 
species, grooming, and nursing. Ingested aromatic and other 
low-molecular-weight petroleum hydrocarbons can be rap- 
idly absorbed and distributed to various target organs, such 
as liver and blubber. Toxicity is dependent on the chemical 
composition of the ingested oil and can lead to organ dam- 
age and/or acute death (St. Aubin and Geraci 1990). While 
internal exposure in most pinnipeds is the route of greatest 
concern, fur seals, and young pups of all species (ue to their 
dependence on fur for thermal insulation), can also be highly 
susceptible to negative effects of external oiling (St. Aubin 
and Geraci 1990). 


Cetaceans 


Prior to the DWH incident in 2010, sparse reports in the lit- 
erature addressing the sensitivity of cetacean species to oiling 
suggested that cetaceans are far less susceptible to oiling than 
marine birds, and presumably pinnipeds. In experiments 
evaluating the response of bottlenose dolphins (/ursiops 
truncatus) to the presence of an oil slick or sheen on water in 
a captive setting, dolphins avoided the oil (Smith, Geraci, and 
St. Aubin 1983; St. Aubin et al. 1985). While it appeared that 
dolphins could “see” a sheen on the water surface, aversive 
behavior was only seen after animals first came into contact 
with it. The importance of visual cues was corroborated when 
dolphins were less likely or able to avoid oil at night. The 
dolphins’ reactions to thin sheens were erratic and suggested 
that the sheen was not detectable acoustically or visually, and 
it did not produce a strong tactile response. A dolphin’s ability 
to detect sheen was also related to the thickness of the slick, 
as well as the composition of the oil. For example, dolphins 


could detect 6 mm thickness of crude, residual, and refined 
motor oils, and 17-mm-thick slicks of diesel fuel, but could 
not detect 6-mm-thick slicks of leaded gasoline or transpar- 
ent mineral oil (St. Aubin et al. 1985). Despite these experi- 
mental data, oiling of cetaceans has been documented, most 
notably after EVOS, when orca (Orcinus orca), gray whales 
(Eschrichtius robustus), Dall’s porpoises (Phocoenoides dalli), 
and harbor porpoises (Phocoena phocoena) were all observed 
surfacing either within slicks, or with oil on their skin, in the 
immediate aftermath of the spill (Harvey and Dahlheim 1994; 
Loughlin 1994; Matkin et al. 1994; Zimmerman, Gorbics, and 
Lowry 1994). 

Following EVOS, significant perturbations in killer whale 
stocks in and around Prince William Sound were noted. In 
the region’s AB pod, seven whales were missing 6 days after 
the spill, and six additional animals died the following winter, 
nearly 18 times the expected mortality rate, based on the age 
and sex structure of the pod (Matkin et al. 1994). Of the tran- 
sient AT1 pod, 9 of 22 whales have not been photographed 
since 1990, and 2 additional whales have been missing since 
1992 (Matkin et al. 1997). It is hypothesized that these whales, 
due to their feeding primarily on harbor seals and Dall’s por- 
poises, ingested/inhaled significant amounts of petroleum 
from oiled prey and succumbed from toxicosis. Neither of 
these pods has increased in size since EVOS (as compared to 
all other resident killer whale pods showing increases), which 
has been linked to loss of reproductive females (AB pod), 
prey shifts due to the spill (AT1 pod), and/or lingering effects 
of petroleum exposure (both groups). 

During the response phase of the DWH blowout in the 
Gulf of Mexico (30 April to 2 November 2010), 122 cetaceans 
were stranded or were reported dead offshore, with an addi- 
tional 785 cetaceans found stranded in the region affected 
by the spill from 3 November 2010 to 16 June 2013. These 
stranding numbers were significantly increased over histori- 
cal baseline stranding rates for the region, necessitating the 
declaration of a UME by NOAA from a starting date just prior 
to the DWH blowout. Studies on animals in the region both 
during and after the active oil spill effort have shed great light 
on the potential impacts of oil on cetaceans (Figure 2.1). 

One study found that live bottlenose dolphins captured in 
Barataria Bay, Louisiana, USA (a region with heavy and pro- 
longed oiling during DWH) showed evidence of hypoadre- 
nocorticism. These dolphins were also five times more likely 
to have moderate to severe lung disease, when compared to 
animals sampled during health assessment studies in Sarasota 
Bay, Florida, USA (a location that did not experience oiling 
during DWH). Also, 48% of the Louisiana animals sampled 
were considered in a guarded or worse condition (Schwacke 
et al. 2013). A subsequent study on dead stranded animals in 
Barataria Bay during this time showed chronic adrenal insuf- 
ficiency, thin adrenal cortices, and increased risk of bacte- 
rial pneumonias (Venn-Watson et al. 2015a). Another study 
showed that only 20% of the pregnant dolphins in Barataria 
Bay produced viable calves and that the estimated annual 
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survival rate of the sampled cohort was low (86.8%), as com- 
pared with a pregnancy success rate of 83% and survival rate 
of 95.1% in Sarasota Bay, Florida, USA, at the same time (Lane 
et al. 2015). Further work showed that perinates sampled in 
the northern Gulf of Mexico during this period were more 
likely to have died in utero (or very soon after birth), have 
fetal distress, have pneumonia not associated with lungworm 
infection, and have a higher incidence of Brucella sp. infec- 
tions identified via lung PCR (Colegrove et al. 2016). 


Sirenians 


Manatees and dugongs are aquatic herbivores, which prefer 
protected, low-salinity waters where vegetation is abundant. 
Knowledge of the effects of oil on sirenians is undocumented 
(St. Aubin and Lounsbury 1990). There have been no experi- 
mental studies and scant observational accounts of oiled sire- 
nians. During DWH, dedicated aerial surveys were made in 
regions where there was a risk of manatees being exposed, 
but no documented observation of animals affected by the 
spill was reported. Manatees would most likely contact near- 
shore oil spills (aot deepwater ones), since manatees concen- 
trate their activities in shallow waters and have the potential 
to ingest oil-contaminated vegetation. They are also at risk of 
oil inhalation, as generally, their nares are raised just above 
the water surface during respiration. The direct effects of oil 
exposure in manatees at this point can only be hypothesized. 


Polar Bears 


Polar bears (Ursus maritimus) occur throughout the Northern 
Hemisphere in 19 distinct subpopulations (Obbard et al. 2010). 
Distributions of animals throughout ice-covered seas are heav- 
ily dependent on prey stocks (primarily ringed seals, Phoca 
hispida) and reproductive status. Many subpopulations occur 
in recent oil and gas production and exploration areas, so 
associated risks due to spills are likely increasing. While little 
is currently known about effects of oil on polar bears, it is 
assumed that impacts will be similar to those on other heavily 


Figure 2.1 Effects noted in dead, stranded bottlenose dolphins; 
in health assessments conducted on live bottlenose dolphins in 
2011, 2013, and 2014; and in reproductive follow-up studies con- 
ducted in 2012, 2014, and 2015 following the DEEPwaTeR Horizon 
oil spill. (Artist: Kate Sweeney. From Deepwater Horizon Natural 
Resource Damage Assessment Trustees, Deepwater Horizon Oil 
Spill: Final Programmatic Damage Assessment and Restoration 
Plan and Final Programmatic Environmental Impact Statement, 
http://www.gulfspillrestoration.noaa.gov/restoration-planning/gulf 
-plan, 2016.) 


furred mammals: thermoregulatory issues and health effects 
due to ingestion from food items or grooming (Hurst and 
@rtisland 1982, 1991). Impacts to denning females and cubs 
could also be problematic from both oiling as well as dis- 
turbance from cleanup activities. One experimental exposure 
trial noted that animals avoided oiled water and, when oiled, 
actively ingested oil from grooming, which led to anorexia, 
dehydration, anemia, and renal failure (@ritsland et al. 1981). 


General Response to Oil Spills 


Wildlife response during oil spill events is typically just a 
small fraction of the overall efforts employed during the 
emergency response. For example, during the DWH incident, 
more than 47,000 responders were actively working on the 
incident at the height of the effort (Ramseur and Hagerty 
2013), with active wildlife responders making up only a frac- 
tion of a percent of the overall personnel. As such, it is imper- 
ative that wildlife professionals understand and work within 
any existing spill response structure, so that their efforts are 
supported, acknowledged, and integrated within the system. 

For spills within the United States, actions taken to 
respond to an oil spill follow an organized and agreed-upon 
cascade of industry, agency, and nongovernmental organiza- 
tion notifications and activities—activities that are often dupli- 
cated in other regions of the world, due to their effectiveness 
and/or the involvement of US-based petroleum organizations. 
These notifications and callouts include activities required to 
protect wildlife resources, as well as regulatory conditions in 
place for state and federal trustee response involvement and 
prespill planning documentation. As such, for the purposes 
of this chapter, the processes used in the United States will 
be explored as an example of a command-and-control system 
that can be used for oiled marine mammal response. Due 
to limited space, complete documentation of all legislative 
mandates, regulatory obligations, and oil spill preparedness 
structures related to oiled marine mammal response cannot 
be elucidated fully here; the reader is directed to guidance 
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documents developed by NOAA’s National Marine Fisheries 
Service for further information (Ziccardi et al. 2016). 

All activities related to disaster response in the United States 
are coordinated through a defined Incident Command System 
(ICS), as delineated by the National Incident Management System 
(NIMS). Developed by the Federal Emergency Management 
Agency (FEMA), NIMS is a system designed to provide a 
“systematic, proactive approach to guide departments and 
agencies at all levels of government, nongovernmental orga- 
nizations, and the private sector to work together seamlessly 
and manage incidents involving all threats and hazards— 
regardless of cause, size, location, or complexity—in order 
to reduce loss of life, property and harm to the environ- 
ment” (US Department of Homeland Security 2008). During 
oil spill responses, the basic response structure elucidated 
by NIMS is expanded somewhat, to take into account the 
variety of players involved in the decision-making pro- 
cesses. The Incident Command (IC) is replaced by a Unified 
Command (UC), which is the governing body ultimately 
responsible for all decision-making processes during the 
spill. The UC, for marine spills, is made up of a federal on- 
scene coordinator (FOSC; usually a Coast Guard captain of 
the port for the affected area), a state on-scene coordina- 
tor (SOSC), and a qualified individual from the responsible 
party, if known. When appropriate, local government rep- 
resentatives are also included in the UC. The FOSC has the 
ultimate responsibility for directing the oil spill response, if 
a consensus cannot be reached among the members of the 
UC. Local land management agencies are regularly involved 
in response decision-making processes, because of regula- 
tory requirements, as well as their local knowledge. 


Wildlife Response Activities 
During Oil Spills 


Wildlife response activities usually exist within the Operations 
Section of the ICS, though some wildlife actions (primar- 
ily baseline assessment and planning) also occur with the 
Environmental Unit of the Planning Section, and damage 
assessment operates outside of the defined ICS structure. 
The part of the Operations Section that coordinates and ini- 
tiates wildlife activities is the Wildlife Branch. The Wildlife 
Branch typically includes wildlife agency personnel but also 
can include staff and volunteers from wildlife contractors, 
nongovernmental organizations, and rehabilitation groups; 
the specific makeup and hierarchy is highly dependent on 
existing regional and company-specific contingency plans 
and retainer agreements. Early, but prudent, initiation of a 
wildlife response and the development of the Wildlife Branch 
ensure timely mobilization of dedicated staff, equipment, and 
volunteers. 

Once the ICS activates the Wildlife Branch, several com- 
ponents of oiled wildlife response are initiated, including the 


following: reconnaissance for affected and at-risk animals; 
deterring (or “hazing”) animals away from the region to pre- 
vent oiling; search and collection of live and dead animals in 
the spill area; treatment, rehabilitation, and release of live oiled 
animals; and documentation and necropsy of recovered dead 
animals. The specific activities initiated by the Wildlife Branch 
during oil spills can differ widely depending upon many fac- 
tors, including but not limited to the size of the spill, type of 
product spilled, time of year, species potentially affected, and 
location. Similarly, responses where marine mammals are at 
risk will vary greatly depending upon these factors, but the 
wildlife response will also rely on ecological aspects, such as 
species/taxa at risk, health/reproductive status of at-risk ani- 
mals, and presence of areas where animals congregate (e.g., 
rookeries, haul-out areas), NOAA’s National Marine Fisheries 
Service has developed organizational structures for different 
scales of response, developed a command-and-control struc- 
ture for these events (Figure 2.2 for large-scale responses), 
and established recommended activities and approaches for 
each defined area (Ziccardi et al. 2016). 


Safety 


Safety is of paramount concern for oiled wildlife response 
and is of particular importance during the collection and care 
of stranded live oiled marine mammals. Conducting recovery 
and rehabilitation activities during spills presents response 
personnel with health and safety risks related to the exposure 
to oil and to the inherent risk in handling potentially large 
and dangerous wild animals, in addition to working outdoors 
under rugged conditions and inclement weather for long 
hours (see Chapter 3). Therefore, oiled mammal response 
should be performed only by qualified personnel who have 
received the appropriate safety training and marine mammal 
handling and restraint training, and ideally have previous 
experience with the species likely to be encountered. In the 
United States, safety training includes a 24-hour HAZWOPER, 
or Hazardous Waste Operations and Emergency Response 
training. All staff and volunteers must read and sign a safety 
plan prepared specifically for the spill event. Personal protec- 
tive equipment (PPE) should be used to protect from biologi- 
cal, chemical, and environmental hazards, which can include 
the following: safety glasses/goggles, Tyvek® coveralls, nitrile 
or vinyl gloves, heavy outer gloves, weather-appropriate per- 
sonal flotation devices (PFDs), and skid-resistant boots. Lastly, 
safety must be ensured through working in teams, following 
an agreed-to communications plan, avoiding areas and opera- 
tions of particular risk (e.g., night operations) without specific 
approval, and reporting all injuries as soon as possible. 


Hazing 


The most effective means to protect marine mammals from 
injuries associated with oil exposure is preventing them 
from being oiled in the first place. While much of this can 
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Figure 2.2 Marine mammal-specific incident command structure for large-scale oil spills in the United States. MMHSRP = NOAA Fisheries Marine 
Mammal Health and Stranding Response Program. (From Ziccardi, M. H. et al., Pinniped and cetacean oil spill response guidelines, NOAA Technical 
Memorandum NMFS-OPR-52, Silver Spring, MD: US Department of Commerce, NOAA, National Marine Fisheries Service, 2016.) 


be accomplished through the oil cleanup effort itself (e.g., 
skimming, dispersing, or burning oil), “secondary” response 
efforts, including removing or keeping animals away from 
oil, can also be effective in preventing animals from being 
injured. Deterrence activities do not come without risks, as 
many techniques use potentially dangerous and regulated 
materials. Additionally, deterrence actions are only effective 
when there are safe locations to which displaced animals can 
be situated, when species will not quickly return, and when 
the geographic area involved is small enough that it can be 
effectively controlled. Lastly, hazing activities must take place 
only under the authority and oversight of trustee agencies, 
as such actions are typically designated as “harassment” or 
“take,” as defined by the US Marine Mammal Protection Act. 

Various methods have been used, with varying degrees 
of success, to deter marine mammals from entering specific 
areas, such as preying on fish in aquaculture programs, or to 
encourage individual animals to leave specific areas (Mate 
and Harvey 1987; Petras 2003; Long et al. 2015). Such tech- 
niques typically fall into two broad categories: close-range 


techniques (e.g., Oikomi pipes, explosive seal control devices, 
acoustic deterrent devices or “pingers,” prerecorded preda- 
tor or conspecific calls, or vehicular traffic) and longer-range 
techniques (e.g., acoustic harassment devices or “pingers” that 
can cause pain, chemoattractants, air guns, and midfrequency 
sonar). Variability in behavioral responses to assorted sounds 
is attributed both to physical factors (noise characteristics, 
attenuation rate, background noise) and also to dissimilarities 
in sensitivity between individuals or of the same individual at 
different times. Also, tolerance, habituation, and even desen- 
sitization are important factors in marine mammal response 
to acoustic harassments. During oil spill responses, several 
techniques have been attempted, but no report of the success 
or failures of such activities has been published or analyzed. 

When deterrents are considered, a comprehensive hazing 
plan must be developed that addresses the benefits of keep- 
ing mammals from entering the spill area relative to the risks 
to people and wildlife associated with hazing, as well as the 
costs and benefits associated with taking no hazing action. 
The plan should address marine mammals habituating to 
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hazing techniques over time and include a protocol for decid- 
ing if implemented techniques should be continued or modi- 
fied. The plan should also provide metrics and procedures for 
determining if implemented hazing techniques were effec- 
tive, including potentially the use of trained observers not 
involved with the hazing activity, to help assess the response 
of the marine mammals to the techniques being employed. 
Marine mammal health professionals should be involved in 
the deterrence decision-making processes, if at all possible, to 
provide input on potential negative health-related outcomes 
associated with select techniques. 


Search and Collection 


Wildlife search and collection, also known as wildlife recov- 
ery, focuses on the collection and capture of dead and live 
oiled wildlife. The determination of whether a marine mam- 
mal is affected by oil can be a difficult task under field con- 
ditions, since the primary route of concern in most species 
for oil exposure is via ingestion or inhalation, not necessarily 
due to visible external oiling. Therefore, all stranded marine 
mammals in the spill area that appear injured, debilitated, 
or otherwise not normal should be collected, if logistically 
possible. In the United States, collection of marine mammals 
must only be done under applicable permits from appropriate 
wildlife management agencies, and appropriate data and sam- 
ples must be collected following legally binding procedures. 

During most oil spills, recovery activities requiring large- 
scale deployment of marine mammal-specific teams likely 
will not be necessary, as the comparative risk to mammal 
populations (and/or stocks) is much lower than that of birds. 
However, in regions with species of high risk (e.g., sea otters, 
fur seals, monk seals, polar bears) or in large concentrations 
(e.g., haul-out/pupping areas), it is important to have quali- 
fied and experienced capture personnel on site to decrease 
deployment time and increase likelihood of success after cap- 
turing live oiled animals. In these instances, having trained 
personnel on scene to fill reconnaissance roles (either directly 
within the recovery activity or as a separate, defined group) 
can allow the collection of rapid, real-time information on 
wildlife in the spill area, as well as the potential indirect 
effects of the spill and its cleanup (e.g., alterations to behav- 
ior, effects of skimmers and alternative response techniques). 
In most circumstances, if marine mammals are known to 
be in the vicinity, and there are marine mammal experts in 
the region, recovery teams can be placed on standby should 
animals be reported through field teams deployed to search 
for and collect oiled birds, through reporting hotline/public 
reports, or through activities of other spill response functions. 
Another option can be to embed one or two marine mam- 
mal experts within select bird field teams, who can then be 
directed to capture animals, if needed. 

Species-specific procedures for the capture of live, oiled 
marine mammals are beyond the scope of this chapter (see 
Chapters 35, 37, and 38). Collection of detailed information 


on capture details (e.g., location/GPS coordinates, observa- 
tions, conditions) should be recorded and transcribed into the 
intake logs on arrival at the facility. Prior to the capture of any 
oiled marine mammal, a defined decision-making process 
should be followed that includes the following considerations: 
(1) Captures should only be contemplated if they can be per- 
formed in a safe manner for personnel as well as the animals. 
(2) Potential benefits of capture must outweigh potential neg- 
ative consequences (e.g., a small amount of oil on the fur of 
most pinnipeds will not warrant the capture of that animal). 
(3) In general, no rescue should be initiated on free-swimming 
or beached pinnipeds unless the animal in question is in 
obvious distress (e.g., not behaving normally and/or exhibit- 
ing signs of respiratory or neurologic problems). (4) Rescuers 
should not enter rookeries, where disturbance might cause 
female/pup separation or cause other disruptions. (5) No 
active rescue on free-swimming cetaceans should be initiated 
where oiling is the primary problem, unless that cetacean 
is moribund, can be approached without avoidance behav- 
ior, and the capture vessel has the appropriate capabilities 
to take the cetacean on board safely. (6) Unless specifically 
authorized, no nondebilitated/nonstranded live animals will 
be collected (Ziccardi et al. 2016). 

The collection of all dead animals during oil spills is 
important for an effective wildlife response. This effort 
reduces the level of contamination in the environment (as 
well as the potential for secondary contamination of scaven- 
gers), prevents the secondary oiling of the carcass at a later 
date (as postmortem oiling may lead to erroneous assessment 
of oiling status and potential cause of mortality), confirms the 
source of oil, and provides essential data for determining the 
overall impact of the spill on wildlife resources. If at all possi- 
ble, dead oiled mammals should be collected and transported 
to a facility, so that a full evaluation can be done in more con- 
trolled conditions (see below for processing details). When 
full examination of dead marine mammals is included as part 
of the overall wildlife plan, size and condition of the carcass, 
resource availability (e.g., many or few recovery teams, trans- 
port vehicle availability), and location of the carcass will help 
determine whether the animal can be evaluated at a facility 
or in the field. If the decision is made that the carcass must 
remain in the field, it should be secured above the tideline 
(by rope if possible), and visibly identified (ia permanent 
markers or paint), until processing can occur. 

Whatever methods and however many recovery teams 
are deployed, it must be understood that only a fraction of 
impacted marine mammals will be collected for care or pro- 
cessing. Several studies have looked into improving methods 
for accurately assessing marine wildlife mortality via beached 
carcass surveys and/or carcass recovery (Garshelis 1997). An 
experiment in which sea otter carcasses recovered in the 
aftermath of EVOS were marked and released and their sub- 
sequent recovery rate was measured resulted in recovery of 
5 of the 25 carcasses (DeGange, Doroff, and Monson 1994). 
In the United States, as a consequence of EVOS, a process 
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entitled Natural Resource Damage Assessment (NRDA) has 
required this impact assessment to be done in a more sys- 
tematic and quantitative manner, such that the estimates of 
impacts to wildlife are more comprehensive and accurate. 
Data gleaned from animals that are recovered through the 
Wildlife Branch allow these estimates, as well as other scien- 
tific inquiries, to be as accurate as possible. 


Transport 


After the recovery of oiled marine mammals, an organized 
plan for transporting animals quickly, safely, and efficiently 
to a facility needs to be in place to ensure animals do not 
linger after collection. Transport can be accomplished directly 
by recovery personnel for small to medium spills; however, 
for larger events, dedicated transport personnel may be nec- 
essary. Similar to capture techniques above, specific trans- 
port methods for affected mammals are too detailed to list 
here, and the reader is referred to Chapter 33. In general, 
smaller pinnipeds should be placed in a quiet, sheltered, well- 
ventilated area in separate transport boxes, airline kennels, or 
cages (to avoid cross-contamination), and kennels containing 
fur seals or sea otters should be fitted with a raised bottom 
grate to avoid additional fur fouling. Cetaceans and sirenians 
should be placed in a stretcher appropriate for the species; 
placed on foam or other soft substrate to support their body 
weight, either wetted continuously or covered with light, wet- 
ted towels to prevent sunburn and desiccation; or (at least in 
warm climates) transported at night. Vehicles must have ade- 
quate ventilation to protect both humans and animals from 
inhaling fumes; therefore, additional PPE may be required 
for individuals involved in transport for climate control (e.g., 
personal cooling devices or warm clothing). 

Prior to transport, field stabilization techniques should be 
considered for live marine mammals, if transport time will 
be more than 1-2 hours before the animal reaches a reha- 
bilitation facility. These techniques may involve the follow- 
ing: assessing the animal for hypothermia or hyperthermia 
and treating accordingly; administering parenteral and/or 
oral fluids; removing excessive oil from the eyes and nares; 
and administering emergency medications. Because of this, 
personnel with veterinary medical training and experience 
should either be part of the recovery effort or be available 
for consultation should field stabilization be warranted. 
Alternatively, for very large responses (or responses where 
lengthy transport of live marine mammals may be a frequent 
occurrence), the establishment of a separate field stabilization 
team may be warranted. 

Animals must be monitored periodically on transports 
greater than 1 hour, with critical cases (e.g., unstable, hypo- 
thermic or hyperthermic animals) requiring more frequent 
monitoring. In general, marine mammals are more tolerant 
of hypothermia than hyperthermia. Chemical sedation dur- 
ing transport in most cases is not recommended, as seda- 
tives can exacerbate an oiled marine mammal’s inability to 


regulate its body temperature effectively. Fur seals and sea 
otters whose coats are oiled or saturated, neonates of all spe- 
cies, and animals with extensive wounds or severe emacia- 
tion may require warmer ambient temperatures compared 
to minimally oiled animals or nonoiled, stranded animals. 
Hyperthermic animals may be sprayed gently with water, ice 
cubes may be added to the top of the cage and allowed to 
drip onto the animal as it melts, or ice cubes may be placed 
under a plastic grate Gif present) in the kennel. In order to 
prevent inhalation and subsequent drowning by unconscious 
animals, do not allow water to accumulate in the bottom of 
transport cages. Hypothermic animals should be placed in a 
sheltered location out of the wind, although good ventilation 
must be maintained to prevent animals and humans from 
inhaling petroleum fumes. 


Processing 


Ideally, all live and dead animals recovered during oil spills 
are fully identified, sampled, and documented for response 
guidance, as well as future scientific inquiry. In many regions, 
such collected samples and data also have a legal importance 
for investigative processes. Such documentary and sampling 
activities are collectively known as “processing.” A key part of 
marine mammal processing, unlike bird processing, should 
involve the complete necropsy of all collected animals, when- 
ever possible, because most pinnipeds and cetaceans are far 
less likely to succumb to acute injury or death due to external 
coating. A full internal examination may provide the only 
means to determine whether animals found dead in the envi- 
ronment were indeed exposed, and may also provide critical 
medical information for rehabilitators on potential adverse 
effects from the oil exposure. 

Determining oiling status in lightly exposed pinnipeds 
and cetaceans can be extremely challenging, when compared 
to assessment of birds and heavily furred mammals. Therefore, 
marine mammals collected during oil spills must be carefully 
classified to avoid implying that animals not appearing to be 
oiled on an initial evaluation are truly unoiled. Categories 
developed during DWH include the following: visibly oiled 
(based on external oiling or internal oiling on initial live ani- 
mal exam (e.g., oil in oral cavity, nares, and/or gastrointestinal 
tract) or internal oiling on necropsy (e.g., oil in esophagus, 
gastrointestinal tract, and/or respiratory tract); not visibly 
oiled; or pending Gf full evaluation has not yet been com- 
pleted). It is important to note that the visible oiling status in 
marine mammals does not necessarily establish inapparent 
oil exposure or the cause of death. Impacts from nonvisible 
oiling must come from further evaluation of samples, such as 
histopathological evaluation of tissues and/or PAH analysis of 
the biological samples. 

When processing live mammals, it is important to collect 
all oil samples and data, while minimizing the animal han- 
dling time and remaining safe. In many instances, it may be 
more efficient to conduct processing procedures at the same 
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time as intake (see below), since chemical or significant man- 
ual restraint may be required. Specific steps in the processing 
of live, oiled marine mammals include logging in the animal 
(to assign a unique identifier); collecting key demographic 
data (e.g., species and, when possible, age class and sex); 
individually identifying the animal (via tagging, marking, or 
microchipping, depending on the species); digitally photo- 
graphing each animal (which encompasses the oiled regions 
on the body, and, if possible, the identification); collecting an 
external oil sample (briefly, visible oil is scraped with a clean 
wooden spatula or, if no visible oil is present, rubbed with a 
4 x 4 piece of fiberglass cloth or cotton gauze with forceps, 
and placed into a chemically cleaned glass jar); and begin- 
ning an oiled marine mammal intake form. 

While live animal processing necessarily takes prior- 
ity over dead animal assessment, dead mammal process- 
ing often provides much more extensive information as to 
the extent and degree of oil effects, as well as informing 
necessary changes to live animal rehabilitation protocols. 
The steps of processing a dead marine mammal are simi- 
lar to those for a live animal, with the exception that no 
intake form is generated and a complete necropsy is per- 
formed, whenever possible. Ideally, a veterinary patholo- 
gist with specialized training and experience with marine 
mammals will perform necropsies; however, a veterinarian 
with experience in necropsies of marine mammals, or a 
biologist with extensive necropsy experience, may lead the 
effort. Necropsy reports should be developed, full photo- 
documentation should occur, and all samples should be 
handled and stored using appropriate chain-of-custody pro- 
tocols Qwhen required). 

General necropsy methods and techniques used during oil 
spills are similar to those utilized during nonspill periods, with 
standard tissue samples for histopathology and disease profil- 
ing being collected. References on marine mammal necropsy 
procedures can be consulted for general and species-specific 
methods (see Chapter 13; McLellan et al. 2004; Yochem et al. 
2004; Pugliares et al. 2007, Raverty, Gaydos, and St. Leger 
2014). Differences in approach mainly focus on sampling 
strategies for PAH analyses, where external skin swabs or 
scraping (if tar is present) should be collected, as well as spe- 
cific organs and body fluids. Tissues to collect Gin decreasing 
order of preference) include bile, urine, whole blood, stom- 
ach and intestinal contents, blubber/fat, liver, kidney, lung, 
intestine, brain, and/or muscle. Fluids such as blood, urine, 
and bile should be collected using sterile syringes or pipettes 
and transferred to Teflon vials (blood) or amber glass vials 
(bile, urine). Tissues should be collected using tools cleaned 
and rinsed with isopropyl alcohol between samples and then 
stored preferably in solvent-rinsed Teflon-lined glass jars. 
Duplicate hydrocarbon and histology samples should be col- 
lected whenever possible, to ensure that volumes allow for 
multiple analyses. Laboratories performing petroleum analy- 
ses should be chosen based on forensic capabilities (ability to 
produce legally defensible results), quality assurance/quality 


control, and consistency with the analysis of other materials 
from the spill. 


Intake 


Intake is the initial detailed physical examination and medi- 
cal evaluation of live, oiled animals that occurs immediately 
following processing at the wildlife facility. The examiners 
collect health data and create an initial treatment plan based 
on those findings. During intake, the examiner and medical 
staff triage animals, based on factors including species legal 
status (e.g., threatened, endangered, of special concern), age 
class, historical success of that species/age class in rehabilita- 
tion, medical status (e.g., severe wounds, fractures), and char- 
acteristics of the spill response (e.g., size, caseload, available 
resources, product spilled). 

Intake procedures are similar to those used for normal 
rehabilitation practices, with an emphasis on issues that can 
be related to petroleum exposure. The results of the ini- 
tial examination must be fully documented on an intake 
form, which should contain questions about oiling as well 
as a place for documenting findings from physical examina- 
tion. Key data to be collected and noted on records include 
the following: oiling evaluation (degree, extent, percentage, 
areas, and/or signs); basic demographics (species, age class, 
and sex, if possible); attitude/alertness; body condition (and 
body weight whenever feasible); morphometrics (standard 
length and axillary girth); rectal temperature (or estimation 
by feeling the flippers and observing behavior if rectal not 
possible); respiratory status (i.e., dyspnea); and hydration 
status. 

A complete whole-body examination should be con- 
ducted that assesses all organ systems, particularly those that 
may be affected from oil exposure. This exam should specifi- 
cally include the following systems where injury specific to 
oil exposure and/or response-related injuries may occur: 


¢ Neurologic—Continue neurologic exam started dur- 
ing attitude evaluation. 

¢ Head/mouth—Typically only in anesthetized, coma- 
tose, or smaller pinnipeds, but a visual inspection 
may be possible opportunistically (e.g., during vocal- 
ization). Oral exams on cetaceans should be con- 
ducted to the extent possible. 

° Eyes/ears—Check for irritated conjunctiva and appar- 
ent lesions to the cornea, including staining of cornea 
if necessary. 

¢ Heartflungs—Note any abnormal lung sounds, 
increased respiratory effort, or apparent discharges 
or lesions. In cetaceans, note any abnormalities seen 
within the blowhole during respiration. 

* Gastrointestinal—Palpate the abdomen gently to 
detect masses, pregnancy, or fluid accumulation, and 
observe the urogenital area for urine, feces, or abnor- 
mal discharges or appearance (e., prolapse). 
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¢ Musculoskeletal—Palpate the neck and thorax for evi- 
dence of subcutaneous emphysema, and the muscu- 
loskeletal system for fractures, wounds, or swellings. 

¢ Integument—Check the skin for cuts, abrasions, chem- 
ical burns from petroleum products, or evidence of 
other human interaction (e.g., boat strike, net, line, or 
hook marks, or active entanglement). 


Following the general examination, blood samples should 
be drawn for hematology (collected in an EDTA anticoagulant) 
and standard chemistry panels (collected in a serum separator 
tube) as soon as the animal’s condition permits (see Appendix 
1). Blood samples should generally be collected at least three 
times during the rehabilitation process: on admission/intake, 
immediately prior to washing, and prior to release. At times, 
additional blood samples for other tests (e.g., PAH estima- 
tion, immune function assays, serum protein electrophoresis, 
serological tests for infectious diseases) or other biomedical 
samples (e.g., urine sample, fecal sample, microbiological 
swab, blubber biopsy, milk) may be collected, if requested 
or warranted. If blood is to be collected for PAH analyses, 
it should be ideally collected using a Vacutainer (Becton, 
Dickinson and Company, Franklin Lakes, New Jersey, USA) 
needle/holder system into a glass red-topped tube with no 
gel, with the whole blood then poured into a 20 ml -Chem 
bottle for freezing. Should these materials not be available, 
blood can be collected using a plastic syringe or extension set 
and then immediately transferred into a 20 ml I-Chem bottle 
for freezing; however, notation should be made in the record 
of this collection method and sample syringes/extension set 
from the same lot number held back as a “blank” for subse- 
quent analyses. 


Prewash Care 


The goal of prewash care is to ensure that oiled marine mam- 
mals are physiologically stable before undergoing the stress of 
washing oil off the animal. It is anticipated that many marine 
mammals will be deemed stable enough to be washed imme- 
diately after the intake examination is performed; and, in 
fact, for those animals that must be sedated or anesthetized 
for intake procedures, cleaning immediately after intake is 
the preferred option. However, some animals may require 
more extensive prewash care, as they will be suffering nutri- 
tional compromise, dehydration, hypothermia, and the stress 
of capture, transport, and handling. Initial care in this area is 
focused on addressing thermoregulatory problems, rehydra- 
tion, feeding, and emergency care so animals are no longer 
in a negative metabolic balance. 

Fluid requirements (maintenance plus correction of defi- 
cits) should be determined on intake based on an evaluation 
of blood work, concurrent fluid losses, and assessment of the 
animal's condition. All oiled marine mammals are assumed 
to be at least 5% dehydrated, and corresponding fluid vol- 
umes should be added to the animal’s daily maintenance 


requirement and administered within the first 24 hours if pos- 
sible. The route of fluid administration will depend on the 
tractability of the mammal, the size of the animal, the overall 
fluid requirement, and the health status of the animal in ques- 
tion. If ingestion of highly volatile oil is suspected (e.g., fur 
seals during grooming, neonates during nursing), an activated 
charcoal (e.g., Toxiban; Lloyd Inc., Shenandoah, Iowa, USA) 
slurry at 6 ml/kg may be administered via a stomach tube if 
oral fluids are being administered or just prior to anesthetic 
reversal (Williams and Sawyer 1995). However, this treatment 
has not been proven to help adsorb ingested oil, and the risks 
associated with passing a stomach tube (and possible gastric 
reflux and aspiration) in obtunded or anesthetized animals 
must be weighed against the risks associated with continued 
exposure to ingested petroleum components. 

While in prewash care, nutritional and thermoregula- 
tory support issues should also take place. Standard nutri- 
tional requirements based on age and nutritional needs (e.g., 
unweaned pups and weaned animals) should be followed 
per standard rehabilitation protocols, with the exception that 
increased incidence of gastrointestinal disorders (diarrhea, 
cachexia, gastric ulceration) may be seen in animals with high 
degrees of ingestion. Young and malnourished animals may 
also become more easily hypoglycemic. For pinnipeds, pens 
should be established that have a normal ambient tempera- 
ture, but allow for a localized gradient of heat within the pen, 
and animals should be monitored closely to ensure they do 
not “flip” from hypothermia to hyperthermia, or vice versa. 

For relatively healthy individuals that are not immedi- 
ately deemed suitable for wash, repeat physical examinations 
should be regularly scheduled after intake to determine if 
the animal is stable enough to clean. For reexamined marine 
mammals, certain criteria must be met to ensure they are sta- 
ble enough to withstand the rigors of cleaning. These criteria 
should include, at a minimum good alertness/attitude; blood 
values (CBC and serum chemistry tests) that indicate relative 
good health; and physical exam results that show either a 
return to normal for issues noted on intake or, at a minimum, 
the stabilization of those problems. 


Cleaning 


The goal of cleaning oiled wildlife (e.g., washing, rinsing, and, 
in some instances, drying completely) is to remove all exter- 
nal contamination to allow the affected animal to regain nor- 
mal function (e.g., to regain natural waterproofing, ambulate 
normally, and decrease oil ingestion/absorption). The overall 
cleaning process is one that uses a detergent (either directly 
on the skin/fur or diluted in a tub of water) to remove the 
oil and then clean rinse water to remove the soap. In heavily 
furred mammals (e.g., fur seals and sea otters), an additional 
drying step will be necessary to allow a trapped layer of air 
to return in the undercoat. 

There are significant facility infrastructure and supply 
requirements to support effective cleaning of oiled marine 
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mammals. The cleaning area must be designed to minimize 
human health issues, such as slips, trips, and falls, as well as 
heat exhaustion. Each wash station must have adequate space 
for the animals, animal handlers, and restraint equipment 
that might be necessary to separate animals. Large, aggres- 
sive, or densely furred animals likely will require anesthe- 
sia for cleaning, so appropriate injectable agents followed by 
maintenance inhalant anesthesia (with supplemental oxygen) 
delivered via endotracheal tube with concomitant monitoring 
equipment (to assess core temperatures) must be available 
(see Chapter 26). Every oiled marine mammal will require 
a large volume of temperature-controlled (26.7-36.7°C) warm 
water for wash and rinse, with the volume related to how 
oiled the animal is and how difficult the oil is to remove, 
and the subsequent wastewater storage, containment, and 
removal must meet local disposal requirements. For densely 
furred animals, water hardness and water pressure are also 
important, with 3-5 grains of hardness delivered at 40-60 psi 
being optimal conditions for birds (Clumpner 1990) and pre- 
sumably sea otters and fur seals (Jessup et al. 2012). Liquid 
dishwashing detergents have been shown to be the safest 
and most effective products for removing oil from wildlife, 
including from sea otters and harbor seals (Williams and 
Davis 1995). In particular, Dawn (Proctor and Gamble Co, 
Cincinnati, Ohio, USA) dishwashing liquid has been proven to 
provide the best cleaning capabilities in oiled feathers when 
compared to other commercially available products (Miller et 
al. 2000). If the oil is tarry or weathered, the application and 
manually agitation into the fur of a “pretreatment” product 
(e.g., warmed methyl soyate, methyl oleate, or vegetable oil) 
may be necessary (Massey 2006). 

General cleaning techniques used to wash marine mam- 
mals are very dependent on the species being treated. Sea 
otters (and presumably fur seals) have been found to most 
effectively be washed with multiple applications of a diluted 
(5%) solution of dishwashing liquid in temperature-controlled 
(~36.7°C), softened (3-5 grains) fresh water Jessup et al. 2012; 
Williams and Davis 1995), with continuous core body tem- 
perature monitoring and adjustments to water temperature 
as needed. The detergent is gently massaged into the oiled 
fur and then rinsed off under moderate pressure (30-40 psi) 
with a spray nozzle, and this wash-rinse cycle is repeated 
until no indication of oil is present in the wash water. A final 
rinse with a spray nozzle with fresh, soft water under moder- 
ate pressure (30-40 psi) then follows the wash cycle. Overall, 
depending on the degree of oiling, this cycle can typically 
take from 60 to 120 minutes. Otters and fur seals can then be 
initially hand dried with dry, clean, cotton terry cloth towels if 
sedated or anesthetized and then dried with commercial pet 
dryers that deliver a high volume of temperature-controlled 
air. 

For marine mammal species other than sea otters and 
fur seals, the decision to clean oil from the animal must 
be weighed with the potential disadvantages of restraining 
(manually or chemically) and washing the animal. Criteria 


when weighing these options should include the freshness of 
the product, extent of oiling, overall health of the individual, 
available support for the procedure, and whether additional 
diagnostics/procedures are necessary that can be coupled 
with the wash effort to reduce the number of restraint or 
anesthetic events. In certain instances, clipping away tar 
patches (with accompanying fur) in pinnipeds can be done, 
if the tar patch is small and the resulting bald patch would 
not negatively impact thermoregulation (e.g., do not clip in 
densely furred mammals or pups). If the decision is made 
to clean a pinniped other than a fur seal, it can be washed 
with liquid dishwashing detergent at a 1:1 ratio in ~36.7°C 
water, with detergent being directly applied onto and rubbed 
into the fur until the oil is visibly removed. An initial quick 
rinse can be done at the wash station and completed with 
the animal unrestrained in its pen using a pressure nozzle 
(to decrease the duration of manual restraint or anesthesia). 
The pinniped can then be allowed to dry in an outdoor pen, 
with supplemental heat and protection from the elements 
provided for furred/dependent pups and adults immediately 
postanesthesia. 

For cetaceans and manatees, very little information exists 
regarding methods and success of removing oil from their 
skin. Lightly oiled animals will typically not be captured spe- 
cifically for cleaning; however, if a live cetacean or manatee 
is deemed in need of rehabilitation for other reasons, clean- 
ing of the skin, blowhole, and eyes should occur to reduce 
continuous exposure and prevent contamination of pool 
water filtration systems. One bottlenose dolphin was effec- 
tively cleaned during DWH, where a liberal amount of veg- 
etable oil was applied to the entire skin surface to loosen 
the thick crude oil, which was then readily wiped off with 
absorbent, disposable towels. The skin was then washed with 
a liberal amount of Dawn liquid detergent at a 1:1 ratio and 
rinsed with fresh water before placing the dolphin in the 
saltwater rehabilitation pool. The dolphin was not sedated, 
and the entire procedure took approximately 35 minutes. For 
stranded cetaceans that are candidates for immediate release 
(e.g., otherwise healthy, present no apparent risks to popula- 
tion, social requirements can be met, environment is clean, 
and within the animal’s natural range), beach cleaning of oil 
can be considered on a case-by-case basis, using the above 
methods and appropriate equipment to wash the animal and 
prevent contamination of the environment during the wash 
process (e.g., portable decontamination booms, plastic sheet- 
ing, and sump pumps). 


Postwash Care, Release, 
and Postrelease Monitoring 


The goal of postwash care is to allow animals the time and 
support to regain normal physiological and behavioral function 
in anticipation of release back into the wild. Specific criteria 
must be met before marine mammals can be released; these 
have been developed to increase the likelihood that animals 
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are healthy, in good body condition, have appropriate exercise 
tolerance, and have the ability to perform the full range of 
behaviors required for survival in the wild (Gage 2009). 

After cleaning, sea otters and fur seals must be gradu- 
ally reintroduced to aquatic environments, since they do 
not emerge from the wash completely waterproof. Portable 
cages or pens, with limited access to water and full availabil- 
ity to haul-outs, were used effectively in otters during EVOS 
(Williams and Davis 1995). These pens allowed animals to 
effectively groom their pelage in a more controlled environ- 
ment, as well as allowing care providers to more closely mon- 
itor individual animals to assess completeness of the cleaning 
process. Further work has since showed that the use of 
warmed, softened, fresh water within these types of pens can 
significantly reduce recovery time in oiled sea otters with- 
out negatively affecting core body temperatures (Jessup et al. 
2012). Once waterproofing appears close to normal, otters 
can then be moved to larger, outdoor pools (containing salt 
water and limited platform space) to complete their recovery. 

For all intents and purposes, aside from the above 
graduated waterproofing steps in heavily furred mammals, 
postwash care closely models the policies and practices of 
general marine mammal rehabilitation, with appropriate 
fluid and nutritional support, medical treatments, diagnos- 
tic procedures, and medical treatments given as needed (see 
Chapters 29, 30, and 40-45). Key findings related to acute 
and chronic oil exposure (e.g., skin, respiratory, ocular, hema- 
tological, gastrointestinal, and/or organ dysfunction), as well 
as consequences of immune dysfunction, should be closely 
monitored and noted in the animal record. Return to aquatic 
environments and the feeding of adequate and appropriate 
food items should provide the flushing of the gastrointesti- 
nal tract, which is necessary, over time, to get rid of excess 
ingested petroleum. Prior to considering release, a number 
of tests, factors, and steps will need to be considered and 
conducted. Current recommendations are based largely on 
information derived from husbandry practices at aquaria 
and rehabilitation centers in the United States (Whaley and 
Borowski 2009). Once these criteria are met, a written release 
plan and timeline should be developed and approved by both 
the IC as well as the appropriate wildlife trustees that details 
date/time, location (and justification for such location), neces- 
sary logistics (transport, crowd control, media plan), tagging/ 
postrelease plan, and contingencies for restranding or unsuc- 
cessful release. For animals that do not meet release criteria, 
several options are available, including additional rehabilita- 
tion, euthanasia, or placement in a permanent care facility. 

A key part of the release plan should be a full accounting 
of postrelease monitoring methods to be accomplished. If at 
all possible, tracking methods (ideally radio or satellite telem- 
etry) for released previously oiled marine mammals that focus 
on survival rates, behavior, and reproductive success should 
be done to enable responders to evaluate the efficacy of oiled 
marine mammal care. There is currently a dearth of published 
literature on the postrelease survival of rehabilitated animals 


collected during oil spills, with a few notable exceptions. A 
subset of otters oiled and rehabilitated during the EVOS were 
instrumented with radio transmitters and monitored after their 
release (Monnett et al. 1990; Monnett and Rotterman 2000). At 
the end of an 8-month tracking period, 12 of 45 otters were 
dead, 9 were missing, and 1 radio failed, and it was noted 
that these mortality and missing rates were much higher than 
those normally observed for nonoiled, nonrehabilitated sea 
otters in Prince William Sound. More recently, in 2009, an 
oiled sea otter coated with natural seep oil off of Santa Cruz, 
California, USA, was successfully cleaned, rehabilitated, and 
released with an intra-abdominal VHF radio transmitter and 
colored flipper tags so she could be identified and monitored 
after her release (Jessup et al. 2012). She survived and suc- 
cessfully pupped at least three times before dying due to a 
shark bite in March 2015. Lastly, several pinnipeds affected by 
the Refugio oil spill (May 2015 in Santa Barbara, California, 
USA) had satellite tracking devices externally fixed to their 
fur before release. Further information on the survival and 
distribution of these animals is pending. 

Should electronic tracking methods not be financially 
or logistically feasible, flipper/dorsal fin tags and/or freeze 
branding should be considered, as this will allow for passive 
monitoring and identification of animals that have success- 
fully completed rehabilitation (see Chapter 32). 


Conclusions 


Before the devastating damage and response to the Exxon VALDEZ 
oil spill (EVOS), little was known about the effects of oil expo- 
sure on marine mammals in a natural environment. The Prince 
William Sound provided a useful laboratory for scientific study 
on multiple species of oil-exposed marine mammals follow- 
ing EVOS, which has greatly increased our knowledge and 
improved the response efforts to spilled oil. The DWH incident 
has accomplished the same for cetaceans, with greater and more 
detailed scientific results continuing to emerge. Fortunately, 
since EVOS, federal and state governments have instituted plans 
to prevent future oil spills and improve response (Ziccardi et al. 
2016). However, much risk still remains for both small isolated 
populations (such as the Southern sea otter or Florida mana- 
tee) as well as larger cohorts of mammals (such as bottlenose 
dolphins in Barataria Bay, Louisiana, USA) following incidents. 
Continued research and response preparation for incidents that 
can involve marine mammals are necessary, as large oil spills 
in the United States and throughout the world will continue to 
occur as long as petroleum products continue to be explored 
for, extracted, refined, transported, and consumed. 
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This chapter is dedicated to the lives of Tom Smith from 
Kaikoura, New Zealand, and Joe Howlett of Campobello, 
New Brunswick, Canada: both fishermen and conserva- 
tionists who lost their lives helping whales. 


Introduction 


Whale entanglement is likely to occur wherever in the world 
large whales and fisheries coexist. The extent to which it is 
reported and recognized as a problem in a specific region 
depends upon the presence of both a reporting infrastructure, 
as well as concerned individuals. Such individuals may be 
those concerned about marine animal conservation and wel- 
fare (e.g., wildlife managers, biologists, whale watch compa- 
nies) or those involved in the fishing industry and concerned 
about gear and harvest losses related to such entanglements. 
The principal problem involves whale interaction with actively 
fished gear or discarded gear. Although the nature of the gear 
at the outset of the entanglement may be unclear, in some 
regions, the majority is believed to originate from nonmobile 
gear that is either anchored or drifting but is currently in use 
and unattended (Song et al. 2010; Meyer et al. 2011; Benjamins 
et al. 2012). Whales (as well as small cetaceans and pinnipeds) 
also interact with more mobile, or tended, gear. Gear loss from 
other causes (including storms and ships) that results in aban- 
doned, lost, or discarded fishing gear (ALDFG) is also believed 
to be an important source of whale/gear interactions. Lastly, 
consumption of marine debris is a significant concern, espe- 
cially for suction feeders such as sperm and beaked whales. 
The goal of this chapter is to describe the approach that 
has evolved since the 1970s to safely disentangle gear from 
large whales (Figure 3.1). We also discuss the documentation 
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Figure 3.1 Multiple body wraps of 
entangling line in a humpback whale. 
(Courtesy of the Australian Large Whale 
Disentanglement Response Network.) 


of such gear, the postmortem diagnosis of entanglement, and 
how the information gleaned from such activities can help 
with the ultimate goal of avoiding future entanglements, 
through modification of how, when, and where gear is 
deployed. It is vitally important to understand that treatment 
of entangled animals can only ever affect a small minority of 
cases, and prevention is the only lasting solution. This chapter 
should not be taken as a manual for entanglement response, 
but rather, as an overview of the issue and as a starting point 
Jor subsequent training. 


The Origin of Organized 
Whale Disentanglement 


In the 1970s, there was a major inshore trap fishery for cod 
in the Newfoundland and Labrador Province of Canada. The 
inshore capelin prey resource was dwindling, the harvest effort 
rising, and the humpback whale population recovering. The 
consequence was a major entanglement problem of humpback 
whales in cod traps. These required relatively large investments 
in time and resources, and the traps were heavily anchored, with 
the effect that most entangled whales were anchored in place. 
Jon Lien of Memorial University in St. John’s Newfoundland 
evolved tools and techniques that he used to help regional fish- 
ermen remove the whales from the gear. Due to his efforts, the 
whales increasingly survived (Lien 1994), the trap damage was 
minimized, and rightly, Lien became a folk hero in the marine 
mammal and Canadian fishing communities. 

Soon thereafter, at the Center for Coastal Studies (CCS), 
Provincetown, MA, USA, Stormy Mayo and David Mattila 
began developing techniques for responding to whales that 
were free-swimming with their entanglements. Although oth- 
ers Gincluding fishermen) also freed entangled whales, the 
disentanglement protocols proven effective by Lien and CCS 
have been adopted by a network of many organizations as 


appropriate to use worldwide and have evolved over time 
(Figures 3.2 and 3.3). Likewise, the tools (Figure 3.4) and 
techniques first developed by native and Yankee whalers 
have also been relevant and adapted as required. 


Global Whale Entanglement 
Response Network (GWERN) 


The Global Whale Entanglement Response Network (GWERN) 
is the result of a joint partnership between the CCS and the 
International Whaling Commission (IWC) to mitigate human— 
whale impacts and to build a worldwide network of profes- 
sionally trained and equipped entanglement responders. Thus, 
whale disentanglement response in the 2010s is coordinated by 
trained and authorized members of National Networks where 
“in country” capacity exists. Many of these National Networks 
have been trained by members of the IWC’s entanglement 
expert advisory panel (https://iwc.int/entanglement-response 
-network), using internationally developed, consensus strategy, 
“best practices,” and curriculum (WC 201D. In addition to capac- 
ity building, the IWC also convenes the GWERN, and as such, 
facilitates communication and collaboration between National 
Networks; provides advice on difficult cases and experienced 
trainers when requested; and occasionally facilitates exchanges 
of resources and personnel for specific events. Collectively, 
these efforts aim to reduce risks associated with entanglement 
to both the animals and the people that respond. 

Nations may request training workshops through the IWC 
Secretariat. Prioritizing training for countries is based on the 
following consensus criteria: 


* Conservation: How endangered is the whale popula- 
tion, and how significant is the entanglement impact? 
° Human safety: Are well-meaning but untrained peo- 
ple currently responding with dangerous techniques? 
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Figure 3.2 Side approach to cutting a mouth-entangled humpback whale. (Courtesy of the Center for Coastal Studies. NOAA Permit 18786.) 


Figure 3.3. Approaching a North Atlantic right whale with significant entanglement injuries to tailstock and trailing line and buoys. (Courtesy of the 
Florida Fish and Wildlife Conservation Commission. NOAA Permit 932-1489.) 
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Figure 3.4 A range of disentanglement tools for mounting on a pole. 
(Courtesy of the Australian Large Whale Disentanglement Response 
Network.) 


¢ Animal welfare: How many whales are likely to ben- 
efit from the states developing a response network? 

¢ Socioeconomic impact: How much impact do entan- 
glements have on the affected fishers? 

¢ National support: Has the country requested, and is 
it supporting, the training? 

e Added impact: Does the training fit into and/or 
encourage other productive initiatives? 

¢ Funding: Is there logistical and financial support? 


This structured, capacity-building effort was endorsed by 
all 88 member countries of the IWC in 2012, and between 
March 2012 and July 2016, the IWC and partners have pro- 
vided training for over 700 participants from 26 countries. 
Trainees are selected in consultation with the relevant gov- 
ernment authorities based on the following criteria: 


¢ Levelheadedness (ability to remain calm and think 
clearly in stressful situations) 

¢ Works well as a team member 

¢ Experience with whale behavior and driving small 
boats around whales 

¢ Experience with fishing gear and with handling lines 
under powerful “load” or strain 

¢ Experience with small boat safety 

° Physically fit 

¢ Availability (there is no point training someone who 
is unavailable to respond) 

¢ Has insurance or equivalent, and authorization of the 
relevant government authority 


This training initiative is carried out in partnership with 
CCS, who shares a key staff member, provides tools and train- 
ers, and provides a venue for 2- to 3-week apprenticeships, 
offered to key members of newly trained countries. 


It is important to note that because disentanglement of 
large whales is a skilled and dangerous undertaking with the 
potential to harm or kill responders or whales, it should not 
be undertaken without prior training and appropriate per- 
missions from relevant government agencies. Here we pres- 
ent a condensed version of best practices published by the 
IWC (2016). 


Entanglement Response 
Considerations 


Some critical and common assumptions that occur when an 
entangled whale is encountered are as follows: 


¢ Most observers project their emotions onto the whale, 
assume it is drowning, and therefore act rashly with- 
out gathering resources and thinking things through. 
If the whale can reach the surface to breath, it is very 
unlikely to be in “immediate danger.” 

¢ Do not get in the water. This is how people have died 
or been seriously injured. 

* Do not cut or remove anything (especially visible 
buoys), puncture, or free the whale from its anchor 
to the bottom, as this will usually seal its fate (a very 
slow painful death). Rather, report immediately to the 
nearest response station and stand by until trained 
responders arrive. 

¢ Do not assume the whale “knows” that you are there 
to help (unfortunately, this notion continues to be 
reinforced by social media). There appear to be some 
instances where whales may tolerate or even appear 
to cooperate, but most of the time, this is likely to be 
an expression of shock or capture myopathy. Also, 
species and individuals can be quite different in their 
responses to humans trying to help them. Whales 
often tend to regard responders as predators and may 
react negatively to close approaches. 

¢ Not all entanglements are lethal. In fact, many entan- 
glements may not require a response beyond detailed 
assessment and documentation. 


The primary goal of entanglement response is to remove 
all detrimental entangling gear safely from the whale. 
Additionally, entanglement response seeks to minimize risk 
through public and responder safety, improve large whale 
welfare and population conservation, and mitigate, if not ulti- 
mately prevent, entanglement in the first place. Yet, actions 
by well-meaning untrained persons can worsen an entangle- 
ment, through a lack of subject knowledge and experience. 
For example, removing only the easily accessible trailing gear 
from entangled whales may leave the most critical components 
on a whale, making future, organized disentanglements more 
difficult or even impossible, potentially resulting in severe 
harm or death to the animal. Likewise, regional entanglement 
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response scenarios and complexities may require specific 
techniques and strategies, and well-meaning responders may 
also fail to collect necessary data. Data collection is neces- 
sary to identify key fisheries and whale populations, to assess 
the severity of injuries caused by the entanglement, and to 
better detect regional entanglement problems that may assist 
with mitigation and prevention. 

Entangled whales are most often reported by fishers, rec- 
reational boaters, whale watch and research vessels, govern- 
mental vessels, and other ocean users. Prompt reporting is 
critical to successful response triage. Helpful information in 
those reports includes time, position, species, assessment of 
the animal and gear, and images of the sighting from a safe 
and legal distance. If a response is appropriate and it is safe 
for the reporting party to stand by, they should be encour- 
aged to stay in the area until an authorized disentanglement 
response team arrives. In too many cases, when visual con- 
tact of the whale is lost, the disentanglement team is looking 
for a big needle in a vast haystack. 


Authorized, Trained Response 


Safety 


Human safety is the number one priority. At no time should 
an individual enter the water. It is not necessary or safe, given 
the proper disentanglement training, tools, and techniques 
available. Over a thousand successful disentanglements have 
occurred with an approved boat-based technique without 
significant human injury, whereas human life has been lost 
during in-water disentanglement attempts. The whale’s res- 
cue should never supersede human safety at any time. Only 
trained, certified, and authorized operators should partici- 
pate in disentanglement activities, which must be thoroughly 
thought through and planned, with full briefing to all partici- 
pants and team members. 

All participants need to be clear on aims, objectives, 
operational procedure and roles. Never secure a line from the 
whale to the vessel, or coil a line in the vessel. Pay careful 
attention to the overall environment, avoiding pressure to act 
by considerations of weather, time of day, onlookers, media, 
one’s emotions, or the perceived need to act. When in doubt 
about safety or the success of the operation, stand down, if 
possible, attach a satellite telemetry device for tracking; and 
alert the community for a resight in order to try again on 
another day with better support, environmental conditions, 
and/or resources. 


Personnel 


Appropriately trained, experienced, and authorized person- 
nel should be used for the roles required; actions/efforts must 
be based on the qualifications of personnel on hand. Roles 
must be assigned to team members based on their experience, 


training, and overall qualifications. Personnel should be mon- 
itored (e.g., for fatigue, dehydration, emotional state) at all 
times and encouraged to speak up if they are not comfort- 
able with a particular action or the general situation. Leaders 
must respect any concerns raised and not instruct personnel 
to take a role or action that they are not comfortable with. 
Responders should also actively seek input from more expe- 
rienced responders when possible. 


Personal Equipment 


Personnel working near or with entangling gear must carry 
emergency safety knives on their persons at all times, in case 
a responder is caught in a line or netting during a response, 
to cut the line/netting and prevent injury or death. Gloves 
must be used when handling lines or netting under load 
(i.e., attached to whale). Helmets must be worn by personnel 
operating near the whale and/or using poles, and appropriate 
attire and personal floatation/protection must be worn at all 
times. Examples include personal floatation devices (PFDs), 
wet suits, dry suits, and work suits that are snag-free (with- 
out straps, D rings, and clips that can act as snag points for 
lines/gear). Cutting poles must have protection stoppers fitted 
at their ends to prevent injuries during “kickbacks.” Proper 
communication tools must be available (e.g., waterproof VHF 
handheld, cellular phones, GPS). Vessels must carry sufficient 
water and food. 


Platforms 


Response efforts are generally conducted from two ves- 
sels, a primary response vessel (PRV) and a support/safety 
vessel (SSV). The PRV is the main operational platform to 
assess, perform the entanglement removal, and monitor the 
situation. It is essential that only disentanglement staff and 
essential equipment be carried. It should be operated by a 
qualified helmsperson and two crewmembers trained in line 
handling, one at the bow and another to ensure trailing lines 
are clear of the engine lower unit and to assist the crew at 
the bow. Its deck must be kept clear and free of loose objects 
and any other materials or equipment that may potentially 
interfere with the safe deployment of running lines during 
the operation. The SSV is needed to carry necessary person- 
nel to document the event and record data, equipment, and 
adequate redundancy in communication systems (i.e., “two 
is one, and one is none”). This includes human first aid and 
resuscitation equipment, and qualified staff to deal with pos- 
sible emergencies. 


Assessment 


Specific conditions outlined by the IWC (Appendix IV: 2010) 
are used to determine if the entanglement is life threatening 
to the animal and an acceptable operation for responders. For 
example, animal risk assessment, size, species, temperament, 
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behavior, health condition, body profile, cyamid coverage, 
general skin condition, and coloration are all important fac- 
tors to consider. Other factors include the specific nature 
of injuries, presence of other cohorts (e.g., pod members, 
calves), or the presence of sharks or other predators. Mobility 
of the entangled whale (whether anchored, small circles, big 
circles, free-swimming), type and nature of gear (rope, line, 
pot, netting, chain, etc.), body part(s) affected, and configura- 
tion, as well as condition of gear, all contribute to the nature 
of the response plan. High-quality photo/video is valuable 
to properly assess entanglement and attached gear. Long 
lenses (telephoto and zoom) are essential for obtaining good 
photos from a safe distance. However, GoPro-type point-of- 
view cameras are also useful if the trained responders can 
get sufficiently close to deploy one on long poles in-water 
or overhead to provide wide-angle video. Unmanned aerial 
and aquatic systems will also be of increasing use for this 
assessment task as they become more user-friendly. Other 
information needed for the operational risk assessment of 
the response plan are current and forecasted weather; sea 
state; navigational constraints (e.g., rocks, ice, bathymetry); 
time of day (i.e., remaining daylight); remoteness of location; 
and availability of resources. Visibility of the event, media 
or public presence, surrounding vessel traffic, military opera- 
tions, and high recreational use areas are also all-important 
considerations. 


Safety Considerations on Approaching 
an Entangled Whale 


Time spent in the danger zone (area immediately in front 
of and beside an animal that is in range of tail flukes and/ 
or flippers) must be avoided, and, if there is no alternative, 
should be minimized. Motorized vessel approaches should be 
slow and methodical, typically from the animal’s rear quar- 
ter. A swimming entangled whale must never be approached 
from directly behind under power, as unseen trailing gear 
may foul the approaching vessel’s propellers. Even when the 
rescue boat is pulling up the control line, with motor off and 
tilted up, responders should be aware of the trailing lines and 
insure that they do not snag on the vessel’s hull. Only the 
minimum required equipment and personnel should be pres- 
ent on the PRV (e., store all nonimmediate gear on the SSV). 
The PRV must also be kept “clean” in order to minimize the 
risk of lines getting caught on the boat or gear stowed on the 
boat. Slow boat approaches are critical; sudden boat maneu- 
vers (e.g., gear shifting or sudden velocity changes) must be 
avoided as these have a higher probability of startling the 
whale. Because animals may avoid and respond unpredict- 
ably to any perceived threat, it should be assumed that an 
animal might react to protect itself during approaches. Thus, 
it is beneficial to know and heed the signs or indicators of a 
stressed animal, such as the following: swishing of the tail, 
which may be subtle; head rises; head and tail rises into a 
“banana” or “S” shape as a prelude to a roll and fluke slap or 


slash; trumpeting or whistling blows on boat approach (note 
that some whales whistle routinely as they blow); bubble 
streams and bursts; turning the belly toward responders (can 
be curiosity behavior, but if strong and directive, could be 
the whale assessing range and should be heeded); changes 
in respiration; changes in behavior (dives or direction); and 
surface active behaviors (pectoral slaps, tail lobs—err on safe 
side in interpretation). Standing down and avoiding any fur- 
ther approaches is a viable “approach.” 


Entanglement Response Procedures 


Disentanglement procedures generally involve some control 
of the animal, cutting away gear using specialized tools, and 
documentation and follow-up of the event. The details of dis- 
entangling a whale involve a specialized protocol with some 
inherent degree of flexibility due to the unique complexities 
of each entanglement configuration. Disentanglement pro- 
cedures should be addressed through a thorough and strict 
training program (see Annex F, IWC 2011. Overall, respond- 
ers should seek to reduce proximity and time with the whale, 
wherever possible. 


Documentation and Debriefing 


Documentation gathered during entanglement response 
efforts offers one of the best and only opportunities to under- 
stand not only the scope and extent of the impact of global 
entanglement, but also the risks involved with the response. 
This may include the following: photographs of operations 
and of the animal before, during, and after a response; video 
from cameras on long poles or point-of-view cameras mounted 
to safety helmets; collection and documentation of gear 
removed; biological sampling (biopsy, sloughed or abraded 
skin in gear); and field observations (such as operational and 
behavioral logs). This information should be assembled into a 
full entanglement response case study Gncluding operational 
errors) and shared with regional and international entangle- 
ment response networks. Every attempt should be made to 
build documentation/data gathering into operational proce- 
dures. This should include postdisentanglement behavior and 
survival through the use of telemetry, genetics, and/or photo 
identification of individual animals. 


Chemical Moderation of Behavior 


In the interests of minimizing human safety risks as well as 
pain and suffering of the entangled whale, a ballistic method 
(Paxarms, 37 Kowhai St., Timaru, New Zealand) that admin- 
isters intramuscular anxiolytic and analgesic medications was 
developed (Brunson et al. 2002; Moore et al. 2010, 2013; van 
der Hoop et al. 2013b; Figure 3.5). The ballistic delivery of 
drugs reduces whale evasiveness of an approaching boat and 
can improve both the likelihood of successful removal of gear 
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Figure 3.5 Disentanglement of a North Atlantic right whale 1 hour after drug administration had desensitized it to boat approach. (Courtesy of the 
Georgia Department of Natural Resources and Wildlife Trust. NOAA Permit 932-1905.) 


and efficiency. However, using the technique is not without 
some challenges, such as the following: choice of drug combi- 
nation and dose; estimation of body weight to deliver desired 
dose; and the real logistic, legal, and operator safety concerns 
of deploying concentrated narcotics at sea in a small boat. To 
this end, photogrammetric aerial images enable calculation of 
body weight (Barratclough et al. 2014), based on stranded and 
necropsied animals. The current drug combination is 0.1 mg/ 
kg of both midazolam and butorphanol formulated to 50 mg/ 
ml (ZooPharm, Box 2023, Fort Collins, CO, USA—http://www 
.zoopharm.net/; Moore et al. 2010). Also, naltrexone (ZooPharm 
50 mg/ml has been used to reverse the effects of butorpha- 
nol in other cetaceans (Walsh, Gearhart, and Chittick 2006) 
at 0.005-0.3 mg/kg IM (intramuscular). The goal is to enable 
disentanglement without compromising the animal's ability to 
swim, respire, and maintain equilibrium. Thus, although the 
use of drugs during disentanglement operations is currently 
unusual, as the challenges above are overcome, more routine 
use of these drugs could potentially enable quicker, safer, less 
stressful disentanglement operations. 


Postmortem Diagnosis 


Accurate postmortem diagnosis of whale entanglement is 
important both for understanding the role that the entangling 
gear may have played in the morbidity and mortality of the 


animal and for recognition of the source and nature of the fish- 
ing gear. It is necessary to evaluate the condition of the car- 
cass to determine if the entanglement occurred while the whale 
was alive. Crude documentation of the body parts affected 
and apparent resulting trauma can be obtained at sea using 
aerial and underwater cameras. Unmanned aerial systems 
(i.e., drones) should also prove useful for this as they become 
more readily used. Examining beached carcasses provides 
more detailed observations than water recoveries allow. 
Often, the entangling gear is absent, but careful examination 
of the skin surface in a variety of lights and angles can reveal 
quite cryptic, but diagnostic, markings (Figure 3.6). This is 
especially true for animals that die peracutely underwater, 
where they are discarded from gear. When animals have been 
cut out from gear, remnants of the entangling material can 
often be found inside the mouth or embedded elsewhere. 
At times, chronically constricting wraps of gear can lacerate 
soft tissues down to underlying bone (Figure 3.7), where the 
host attempts to wall off the foreign body with massive fibro- 
osseus proliferative tissue (Figure 3.8). Thus, a complete 
necropsy, where practical, is necessary to place the entan- 
glement in the broader condition of the animal. Necropsies 
are also excellent illustrations of the challenges facing dis- 
entanglement. Figure 3.9 shows the extent of rope fouling 
of the inner face of a rack of right whale baleen that would 
have been close to impossible to diagnose, let alone remove, 
in the living animal. Criteria sufficient for the diagnosis of 
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Figure 3.6 Criss-cross net pattern on the skin covering the mandible of 
a humpback whale from a gillnet. Note that the furrows are recent, and 
the white scar shows a previous entanglement. Gill net was found in the 
mouth of the animal. (Courtesy of Woods Hole Oceanographic Institution. 
NOAA Permit 18786.) 


Figure 3.7 Cleaned rostrum of a humpback whale showing lacera- 
tion of the maxilla with entangling gear. The skeleton from this case is 
articulated on display, and subject of ongoing research at the Center for 
Coastal Studies, Provincetown, MA, U.S.A. (Courtesy of College of the 
Atlantic. NOAA Stranding Letter of Authorization.) 


suspect and confirmed acute and chronic entanglement mor- 
tality have been described in detail elsewhere (Moore et al. 
2013; Jepson et al. 2013). 


Mitigation 


Entanglement mitigation and prevention is one of the leading 
aspects of whale conservation. Information gathered during 
entanglement and stranding response has been a critical com- 
ponent of this effort. There has been a long history of attempts 


Figure 3.8 Fibro-osseus proliferation around the humerus of a North 
Atlantic right whale that had been chronically entangled with rope around 
the baleen (Figure 3.9), crossing the blowholes and around this flipper. 
(Courtesy of Virginia Aquarium. NOAA Permit 932-1905.) 


Figure 3.9 Severe rope entanglement of the left baleen rack of a North 
Atlantic right whale viewed from the medial aspect. (Courtesy of Virginia 
Aquarium. NOAA Permit 932-1905.) 


to modify fishing gear in this regard in the Northeast waters of 
the United States, addressing weak links, sinking lines between 
fishing pots, and vertical line reduction, but with little evidence 
so far of success (van der Hoop et al. 2013a). However, in a 
limited-entry, high-value fishery, there are early signs of some 
progress along the Western Australian (WAUS) coast (How et 
al. 2015). The western rock lobster fishery on the WAUS coast 
had been a seasonal fishery that closed prior to peak whale 
migration. However, the seasonal fishery changed to a quota, 
market-driven, fishery in 2011-2012, with a marked increase in 
entanglement rate when the fishery overlapped with the whale 
migration season. Distinctive gear modifications and reduction 
of gear in the water at peak times at hot spots along the WAUS 
coast resulted in a marked decline in the frequency of entangle- 
ments. For example, removing ropes and lines from the water 
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greatly reduces the probability of entanglement, and restrictions 
are removed once the bulk of migrating animals have passed 
through the fishing grounds. Overall, the prescription is com- 
plex: time, depth, gear, color, sound, retrieval methods, whale 
species, and migration structure and pathways must be factored 
into the mitigation effort Groom and Coughran 2012; How et al. 
2015). Yet, key reasons for early success in WAUS included fish- 
ery and government willingness to make constructive changes 
during times of whale transit through the fishing grounds. 
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Introduction 


Marine mammals have always fascinated people with their 
sheer size and their specialized anatomy and physiology. 
Today, this fascination is reflected in the number of facili- 
ties that keep marine mammals, increasing marine mammal 
watching opportunities, and increased research on different 
aspects of the biology of marine mammals. This has resulted 
in increased contact between humans and marine mammals 
in some areas. In contrast, in polar regions, contact between 
humans and marine mammals has occurred for centuries. 
Marine mammals have always represented crucial resources 
for the approximately four million people of the Arctic, as a 
source of food and other materials, such as blubber (food and 
oil, fur, leather, baleen, and teeth. Through these various 
types of contact with marine mammals, infectious diseases 
may be transferred. 

The World Health Organization (WHO) defines zoono- 
ses as “diseases and infections that are naturally transmit- 
ted between vertebrate animals and humans.” There are two 
details in this definition that deserve attention. First, it does 
not include infections that may be transferred by inoculations 
or under other experimental conditions. Secondly, it states 
that transmission can be both ways, from animals to humans 
and from humans to animals. 

The appearance of new infectious diseases has increased 
over time, and a study of 335 emerging infectious disease 
(EID) events between 1940 and 2004 revealed that these are 
dominated by zoonoses (60.3%), with the majority (71.8%) 
of those having originated in wildlife (jones et al. 2008). A 
range of zoonotic infections and diseases are associated with 
marine mammals (Higgins 2000; Tryland 2000; Hunt et al. 
2008; Waltzek et al. 2012; Tryland et al. 2014). The transmis- 
sion of a zoonotic pathogen does not always cause disease, 
since the development of disease is dependent on many other 
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factors, such as the characteristics of the agent (e.g., patho- 
genicity), the host characteristics (e.g., immunity), as well as 
the infection dose and other environmental factors. In fact, 
animals and humans are exposed to a number of microorgan- 
isms every day, but most infections do not lead to disease. In 
general, children under the age of 5 years, adults over the age 
of 65 years, pregnant women, and those with weak immune 
systems are more likely to become sick upon infection, and 
may develop more severe diseases and complications, com- 
pared to other people. 

Official human disease statistics and scientific reports indi- 
cate that documented cases of human disease after exposure 
to marine mammals are rare. However, it is also known that 
many of the potential zoonotic pathogens hosted by marine 
mammals do not cause specific and recognizable symptoms 
(ie., symptoms are pathognomonic), but rather, nonspecific 
symptoms such as nausea, weakness, and diarrhea. Thus, the 
presence of the disease may only occasionally be associated 
with previous exposure to or contact with marine mammals 
(Nymo, Tryland, and Godfroid 2011; Tryland et al. 2014). 
Further, the lack of well-organized medical services in many 
remote regions, lack of standardized and validated diagnostic 
tests, as well as different reporting systems for diseases in 
humans make it difficult to compare possible zoonotic events 
among different regions or countries, and zoonotic diseases 
may be underdiagnosed and/or underreported (Davidson et 
al. 2011; Hueffer et al. 2013). 

In this chapter we will look at different types of con- 
tact between marine mammals and humans, and how infec- 
tious agents and diseases can be transferred between marine 
mammals and humans. Further, we will give a comprehen- 
sive presentation of zoonotic aspects of viruses, bacteria, and 
parasites that are known to cause disease in humans upon 
transmission from marine mammals, with cross-reference 
to other chapters in this book dealing with these infectious 
agents. Through the references provided, the reader will be 
able to explore these infectious diseases, and the relation- 
ships between marine mammals and humans, in more detail. 


From Marine Mammals to Humans— 
Modes of Transmission 


A zoonotic infection can be transmitted through direct con- 
tact, indirectly via vectors, or via consumption of contami- 
nated food. Transmission of infectious agents via vectors 
from marine mammals to humans is considered of minor 
importance. 


Transmission through Direct 
and Indirect Contact 


Any direct or indirect contact with marine mammals may result 
in the transmission of potentially pathogenic microorganisms. 


Direct contact includes contact with urine, feces, nasal secre- 
tions, saliva, or blood from an infected animal, as well as 
touching the animal, being bitten, or being scratched. Such 
contact is especially relevant to marine mammal researchers, 
people working in stranding or rescue programs, trainers and 
food handlers for captive marine mammals (including reha- 
bilitation centers), as well as hunters and fishers. However, 
the general public may also be exposed, through skin-to- 
skin contact or through contact with body fluids, (e.g., when 
finding dead animals on the beach, or via close contact with 
captive marine mammals in shows, such as the practice of 
“kissing”). 

Indirect contact includes contact with contaminated sur- 
faces or the environment in which marine mammals live. 
This can include haul-out spots and beaches heavily contami- 
nated by marine mammal feces, tank water from aquariums 
and other facilities, or aerosols generated from the respira- 
tory tract of marine mammals, especially from whales when 
they exhale, and people coming close to marine mammals for 
handling or sampling purposes. 

In a survey investigating the risk factors for marine mam- 
mal workers contracting disease from the animals they work 
with, 243 of 483 (50%) reported suffering from an injury, and 
110 (23%) reported experiencing skin reactions or rashes from 
marine mammal contact (Hunt et al. 2008). 


Transmission through Consumption 


Many marine mammal species and populations, especially 
the large whales and to some extent walrus (Odobenus ros- 
marus), were hunted almost to extinction—first in the Arctic 
and temperate zones, peaking in various areas during the 
seventeenth, eighteenth, and nineteenth centuries, and sub- 
sequently in Antarctic waters, peaking as late as the mid- 
dle of the twentieth century and ceasing in the mid-1970s. 
Even though most of the raw materials from the whales were 
turned into oil, this activity represented an occupational risk 
for those involved in the hunt, as well as to those consum- 
ing the whale meat. Today, people still hunt and consume 
marine mammals. Since 1990, marine mammals provided 
economic benefits in at least 54 countries, with at least 87 
different marine mammal species being consumed in 114 
countries (Robards and Reeves 2011). Seals, for example, are 
commercially hunted for fur and meat in Russia, Canada, and 
Namibia (Tryland et al. 2014). However, in Norway, com- 
mercial sealing, which has been limited to only harp seals 
(Pagophilus groenlandicus) over the last decade, and with 
only one to three boats participating, is likely to cease in 
the near future. Yet, seals are still an important food source 
for many Arctic communities, and therefore, consumption of 
marine mammal meat and other products represents a route 
by which humans can be exposed to potential pathogens 
from marine mammals. Pathogens that may be transferred 
to humans via consumption of marine mammal meat and 
other products include agents for which the marine mammal 
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is host, whether causing disease in them or not, including gut 
microbiota. These pathogens are discussed in further detail 
below as specific zoonotic parasites, bacteria, and viruses that 
may be found in marine mammals. 

Humans may also be exposed to pathogens transferred 
from environmental sources to the animal product (i.e., con- 
tamination). Most pathogens that fall into this group are bac- 
teria, and of special interest are bacteria from fecal sources 
(i.e., from the animal itself or from other organisms, includ- 
ing human beings). Bacteria such as Clostridium spp. and 
Escherichia coli are often associated with intestinal contents 
of marine mammals and may cause disease in humans. The 
length of time between killing and obtaining meat from a 
dead marine mammal is important, as intestinal bacteria may 
invade the intestinal wall and surrounding tissues, including 
the meat, postmortem. This is even more of concern because 
when the gastrointestinal tract is affected by the projectile 
used to kill the animal, this allows intestinal contents to be 
distributed to other parts of the carcass, including meat that 
is consumed. During the dressing of seals and whales, it is 
difficult, and potentially impossible, to achieve the hygienic 
standards associated with abattoirs. Thus, finding more bac- 
teria on the surface of marine mammal meat is expected, and 
commonly tolerated, compared to meat from other animals. 
This can be compensated for by cutting away and discard- 
ing the outer layers when preparing meat for consumption, 
especially if stored for a long period of time (weeks) without 
freezing. 

The experience of whaling operations that use catcher 
boats to provide meat for domestic consumption in Norway 
provides an illustration of the need for quality control in 
handling any sort of meat for wide distribution and human 
consumption. Sources of contamination during whaling are 
surrounding surfaces, such as boat decks, knives, hooks used 
to handle larger pieces of meat, and meat storage rooms. 
Also, smaller whaling boats often use fresh water ice for 
cooling meat prior to delivery (days or weeks), which make 
water quality a contamination source. It is also common to 
use seawater to clean decks and other surfaces after dress- 
ing. In this case, the quality of the seawater surrounding the 
boat, particularly if crowded with seabirds, may likewise 
be contaminated. It is also possible that fecal contamina- 
tion from humans takes place, from the toilet discharges/ 
emissions or from poor personal hygiene. The quality of 
marine mammal meat may also be compromised by psy- 
chrophilic (cold-loving) bacteria during storage, especially 
when cooled on ice. 

When conducting bacteriology for meat quality con- 
trol in the Norwegian industry, it is common to search for 
microorganisms that indicate fecal contamination, such as 
coliforms, Escherichia coli, cocci of fecal origin (Streptococci, 
Enterococci), Clostridia, and fecal bacteriophages. In addi- 
tion, it is common to search specifically for pathogens such 
as Salmonella, Yersinia enterocolitica, and Listeria monocyto- 
genes (Tryland et al. 2014). 


In the Norwegian example, special precautions are taken 
when preparing meat from marine mammals for food, espe- 
cially when proper heat treatment is not conducted. Whale 
and seal meat may be sold and served as salted or dried prod- 
ucts, such as whale carpaccio, or as special “sushi” dishes, 
requiring very high-food-grade meat quality. Freezing, salting, 
and drying of meat may hinder bacterial growth and arrest 
parasites but may not be as effective as proper heat treatment 
when it comes to killing microorganisms. 


Viral Zoonoses 


The characteristics, epidemiology and diagnosis of viruses of 
marine mammals are described in Chapter 17. Here we 
focus on features of human infection. 


Poxvirus 


“Sealpox” is a term used for poxvirus infections in seals; it 
is described more as a clinical condition than a virologically 
verified diagnosis, and may affect both the skin and mucosal 
membranes of seals (Iryland 2011). These seals present an 
occupational risk to animal handlers and trainers. Humans 
may become infected as a result of contact with parapoxvirus- 
infected seals, since the virus enters through skin abrasions 
or wounds. Single or multiple lesions, approximately 1-3 cm 
in diameter, develop after 10-20 days at the infection site, 
usually on the hands and face (Damon 2006). The earliest 
symptom is a red area of skin (macule), which progresses 
into a papule and a vesicle, containing infectious virions, and 
which may easily burst. The vesicle develops further into a 
pustule as leukocytes accumulate in the lesion. This infection 
is painful and causes inflamed skin, as well as fever. Swelling 
of local lymph nodes may also occur (Damon 2006). A pus- 
tule may dry out within one to a few weeks, though lesions 
can persist for months before healing is complete. Two peo- 
ple that had been handling captive gray seals (Halichoerus 
grypus) experienced lesions that did not heal completely 
until 3-4 months and 1 year, respectively (Hicks and Worthy 
1987). In another case, a marine mammal technician was bit- 
ten by a captive gray seal that had skin lesions around the 
muzzle. The technician developed a hand lesion similar to 
orf virus infection, from which parapoxvirus-specific DNA 
sequences were obtained by polymerase chain reaction (PCR) 
and DNA sequencing, suggesting seal parapox virus (Clark et 
al. 2005). Parapoxvirus infections in seals may spread among 
wild seals and are often seen in rehabilitation centers, possi- 
bly due to stress and the arrival of new animals infected with 
the virus (Miller et al. 2003). 


Calicivirus 


Caliciviruses cause a wide range of disease symptoms in 
many hosts, including man. Calicivirus and antibodies against 
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calicivirus have been detected in many seal and whale spe- 
cies (see Chapter 17) as well as in polar bears (Ursus mariti- 
mus). Many caliciviruses have marine reservoirs (Smith et al. 
1998a). For example, San Miguel sea lion virus (SMSV), first 
isolated on San Miguel Island (California) in 1973, and caus- 
ing vesicular lesions of the skin and oral mucosa of California 
sea lions (Zalophus californianus, Smith et al. 1973), was the 
causative agent of vesicular exanthema of swine (VES). VES, 
first recognized in the United States in 1932, spread across the 
country before it was eradicated in 1956 (Sawyer 1976); VES 
caused fever, as well as the formation of vesicles on the snout, 
oral mucosa, and feet, resembling other vesicle-forming viral 
infections of greater concern, like foot and mouth disease. 

Upon experimental infection with SMSV, an African 
green monkey developed fever and vesicular lesions at the 
inoculation sites, and three persons working with four sero- 
types of the virus developed antibody titers (Smith, Prato, 
and Skilling 1978). Further, SMSV serotype 5 was recovered 
from a laboratory worker with systemic illness and vesicular 
lesions on all four extremities (Smith et al. 1998b). The person 
had been working with processing purified virus (SMSV-5) and 
had also conducted experimental infections with this virus in 
calves. Several dozen lesions occurred on the palms, fingers, 
soles, and toes of this person, ranging from small, red, and 
raised areas to vesicles up to 1 cm in diameter. Healing was 
complete after 2 weeks. The virus (SMSV-5) was originally 
isolated from lesions on the flippers of northern fur seals 
(Callorhinus ursinus, Smith et al. 1998b). 

It is noteworthy that during the eradication campaign for 
VES, and in surveys of Alaska natives handling SMSV-infected 
seals, no human disease was reported (Smith et al. 1978). 
Marine caliciviruses may therefore be considered a group of 
viruses with restricted zoonotic potential. 


Influenza Virus 


Influenza viruses are unique in their ability to evolve and 
adapt to new host species; therefore, interspecies transmis- 
sion is an important event in the ecology of these viruses. 
Influenza virus has been detected by serology, virus isola- 
tion, and RT-PCR in several wild populations of cetaceans 
and pinnipeds (see Chapter 17). In seals, clinical symptoms 
have included respiratory distress, pneumonia, lethargy, inco- 
ordination, nasal discharge, ulcerations of the skin and oral 
mucosa, and swelling of the conjunctiva (Geraci et al. 1982; 
Osterhaus et al. 2000; Anthony et al. 2012). 

A wide variety of influenza A subtypes have been found 
in seals and whales. The fact that marine mammals are glob- 
ally distributed, may conduct seasonal and long-distance 
migrations, and interact with waterfowl and shorebirds makes 
them of special interest with regard to the epidemiology of 
influenza viruses (Hussein et al. 2016). 

Influenza A virus was presumably involved in two 
mass strandings of emaciated long-finned pilot whales 


(Globicephala melas) in Cape Cod, USA (Hinshaw et al. 
1986). Additionally, during postmortem exams of harbor 
seals (Phoca vitulina) from a stranding also on Cape Cod 
(1979-1980) involving about 500 animals Gin which pneumo- 
nia was the dominant finding), four people developed puru- 
lent conjunctivitis with periorbital swelling and pain within 
2 days of known exposure to seals; the conjunctivitis lasted 
4-5 days. No attempts were conducted to isolate the virus 
from the patients, and the four people had not seroconverted 
a few months later. Thus, no firm association between the eye 
infections and influenza virus could be established. However, 
during experimental studies with the H7N7 influenza virus in 
seals, one animal sneezed in the face of one of the investiga- 
tors, which resulted in a similar conjunctivitis from which the 
seal influenza virus was isolated (Webster et al. 198). This is 
one of several reports that indicate the transmission of influ- 
enza virus between seals and whales, and man (Lvov et al. 
1978; Webster et al. 1981: Ohishi et al. 2002). 

In 2011, 162 harbor seals were found dead or moribund 
along the New England coast (USA). Five animals were sub- 
mitted for necropsy and microbiological analyses, all of them 
having pneumonia and ulcerations of the skin and the oral 
mucosa, Avian influenza (H3N8) was detected in lung tis- 
sues, and full (eight segments) genome sequencing revealed a 
nucleotide sequence identity similar to that of North American 
waterfowl, indicating the transmission of virus from wild 
birds to seals (Anthony et al. 2012). 

More recently, a pandemic H1N1 influenza virus, which 
emerged from swine in 2009, was detected in northern ele- 
phant seals (Mirounga agustirostris) off the California coast 
(Goldstein et al. 2013). Further, a laboratory study on an 
influenza A virus isolated from harbor seals (H3N8) in New 
England indicated that the virus had retained its avian-type 
receptor specificity but was also able to bind to human lung 
tissue and replicate in human lung carcinoma cells, indicating 
a link between the origin of the virus (birds), the host (seals), 
and man (Hussein et al. 2016). 

Influenza B virus, a human pathogen with unknown 
reservoirs in nature, was isolated from a naturally infected 
harbor seal in the Netherlands. The virus had a hemagglu- 
tinin (HA) gene sequence similar to a virus that had cir- 
culated in humans in 1995-1996 (Osterhaus et al. 2000). A 
seroepidemiologic study of influenza in Caspian seals (Phoca 
caspica) indicated that both influenza A and B viruses might 
have been transmitted from humans to this seal population 
(Ohishi et al. 2002). 


Rabies Virus 


Rabies is caused by viruses in the genus Lyssavirus and of 
the family Rhabdoviridae. Although 99% of all rabies virus 
transmissions to humans are caused by dogs (WHO 2017), 
wildlife remain important virus hosts and reservoirs. During 
the first documented outbreak on the high Arctic archipelago 
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of Svalbard in 1981, rabies was diagnosed in 12 arctic foxes 
(Vulpes lagopus), three Svalbard reindeer (Rangifer tarandus 
platyrhynchus), and a ringed seal (Pusa hispida; Odegaard 
and Krogsrud 1981). The ringed seal had most probably been 
bitten by a rabid fox, since it had wounds on the posterior 
part of the body. It was found 200 meters from the closest 
breathing hole, an unusual occurrence given that ringed seals 
are the main prey species for polar bears and usually stay 
very close to their breathing holes to permit rapid escape. The 
seal was held in captivity for 4-5 days but was later eutha- 
nized after it developed an edematous skin condition and 
showed symptoms of confusion and aggression (@degaard 
and Krogsrud 1981). This seems to be the only verified rabies 
diagnosis in seals, although people have reported seals found 
far away from open water, seemingly confused and exhibit- 
ing abnormal behavior, however, rabies was not diagnosed in 
these cases. 

Similarly, there is only one report of a polar bear with 
rabies. Inuit hunters in the Northwest Territories, Canada, 
found an adult male polar bear with posterior paralysis, drag- 
ging its hind legs (Taylor et al. 1991). The bear was shot but 
the meat left alone because of the abnormal circumstances. 
Rabies virus antigens were detected in the lumbar spinal cord 
and in ganglion sections by immunoperoxidase. 

A subsequent screening in the Svalbard archipelago of 
5 ringed seals, 19 reindeer, 23 polar bears, and 846 arctic 
foxes was entirely negative, as was a later serological screen- 
ing of 297 polar bears (Prestrud, Krogsrud, and Gjertz 1992; 
Tryland et al. 2005). 

The impact of rabies infections on population dynam- 
ics of marine mammals is unknown; nevertheless, these 
cases demonstrate the very broad host range for rabies virus. 
Researchers, hunters, and others should be aware of this risk 
should they encounter animals showing aggression or other 
abnormal behavior. 


Norovirus 


Norovirus infections in humans may lead to gastroenteritis. 
Norovirus has been detected in a variety of animal species, 
including in the feces of California sea lions (Li et al. 201) 
and recently in a juvenile male harbor porpoise (Phocoena 
phocoena) found stranded on the coast of the Netherlands 
(de Graaf et al. 2017). The animal was euthanized 8 days 
after arriving at a rehabilitation center, due to labored breath- 
ing, although the animal showed no signs of vomiting or 
diarrhea. Using random PCR and 454 sequencing, with sub- 
sequent specific PCR and sequencing of amplicons, a new 
norovirus was identified, namely, harbor porpoise norovirus 
(HPNV). A screening of intestinal tissue samples from 48 har- 
bor porpoises from the southern North Sea revealed a noro- 
virus prevalence of 10% (de Graaf et al. 2017). The potential 
impact of such infections on marine mammals and the zoo- 
notic potential of HPNV remain unknown. 


Bacterial Zoonoses 


Seal Finger and Mycoplasma spp. 


Seal finger (also called “speck finger,” “sealers finger,” or 
“blubber finger;” Candolin 1953) is probably the most com- 
mon zoonosis associated with contact with marine mam- 
mals. Previously, this disease was assumed to be caused by 
Erysipelothrix rbusiopathiae, but there is now circumstantial 
evidence that this condition is caused by one or more types 
of mycoplasma (Madoff, Ruoff, and Baker 1991; Baker, Ruoff, 
and Madoff 1998; Westley et al. 2016). This is also in line with 
the fact that Erysipelothrix is usually sensitive to penicillin, 
whereas the condition seal finger is often not. 

Seal finger has been described in medical literature 
since the beginning of the twentieth century (Bidenknap 
1907). Most of the clinical cases have been reported from 
Scandinavia, Greenland, and Canada, but also from Alaska, 
the Falkland Islands, and South Georgia (Hartley and Pitcher 
2002). Seal finger may occur after a bite, or through skin 
abrasions or accidental knife cuttings, when handling seals, 
seal skins, or other seal products. In one survey conducted in 
1950, more than 10% of the people on a Norwegian sealing 
fleet contracted seal finger (Rodahl 1952). After an incuba- 
tion period spanning a few days up to 3 weeks, the finger 
concerned becomes reddened, edematous, and tender, and 
at later stages extremely painful. Adjacent joints may be 
involved, and regional lymphadenitis and lymphadenopathy 
may be present (Sargent 1980). Untreated, the condition may 
lead to loss of mobility, working disability, and permanent 
stiffness of affected joints (Mass, Newmeyer, and Kilgore 
198). 

In 1990, two identical isolates of Mycoplasma phocacere- 
brale were isolated, one from a seal trainer with seal finger 
and one from the mouth of a seal that had bitten her (Madoff, 
Ruoff, and Baker 1991, Baker, Ruoff, and Madoff 1998). In a 
study of the microbiota of the oral mucosa of California sea 
lions and bottlenose dolphins, Mycoplasma phocacerebrale 
was detected in 1 of 18 healthy sea lions (Bik et al. 2016). 
Another indication that Mycoplasma spp. are causing seal 
finger came from an Alaska native seal hunter, who devel- 
oped high fever, abdominal pain, a swollen finger, and septic 
hips; a putative novel Mycoplasma species was identified by 
sequencing 16S(ribisomal RNA) RNA gene in isolates from 
a hip sample. He had been harvesting ringed seals without 
protective gloves 1 week prior to the onset of disease. The 
infectious agent presumably had established in the finger and 
was spread hematogenously, indicating that seal finger also 
may present as a disseminated condition (Westley et al. 2016). 

Three different species of mycoplasma, M. phocidae, 
M. phocarhinis, and M. phocacerebrale, have been isolated 
previously from harbor seals with pneumonia along the 
coast of New England (Kirchhoff et al. 1989) and in the 
Baltic and North Seas (Madoff, Schooley, and Ruhnke 1982). 
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Mycoplasma spp. may be isolated from seal finger, or alter- 
natively, diagnosed by PCR and sequencing of amplicons 
QVansen et al. 2012). 

Choosing antibiotics for treatment of seal finger is often 
done without knowledge of the clinical condition and the 
causative agent (Rodahl 1943, Mass, Newmeyer, and Kilgore 
198), and may lead to an extended course of clinical symp- 
toms and treatment and permanent damage to nearby joints 
(White and Jewer 2009). The drugs of choice for treatment 
of seal finger are tetracycline or doxycycline (Krag and 
Schonheyder 1996; Baker, Ruoff, and Madoff 1998; Hartley 
and Pitcher 2002). 


Erysipelothrix rhusiopathiae 


Human infections with Erysipelothrix rhusiopathiae—no lon- 
ger thought to be involved in the condition seal finger (see 
above)—most commonly present either as a localized cuta- 
neous form, called erysipeloid or “fish poisoning”; a diffuse 
cutaneous form; or, rarely, as a generalized, systemic form, 
with bacteremia and severe clinical symptoms dependent 
on which organs are involved (e.g., endocarditis). Erysipeloid 
should not be confused with the term erysipelas in the med- 
ical literature, as the latter is a superficial cellulitis caused 
by Group A B-hemolytic streptococci. Erysipelothrix rhusio- 
pathiae usually enters through skin abrasions. The localized 
cutaneous form is characterized by red, indurated patches on 
the skin, associated with swelling, itching, and burning pain. 
Erysipeloid is an occupational disease (Brooke and Riley 
1999) and is treated with antibiotics. Marine mammal workers 
may be exposed via handling marine mammals or fresh or 
frozen fish used for feed. 


Salmonella 


A wide range of serovars of Salmonella have been isolated 
from the marine environment, including marine mammals, 
and some are known pathogens of humans (e.g., S. enteriti- 
dis and S. thyphimurium, Minette 1986; Foster et al. 1998; 
Stoddard 2005; Stoddard et al. 2008; Iveson et al. 2009, 
Haase et al. 2012; Baily et al. 2016). Some studies have 
detected Salmonella at low prevalences and as subclinical 
and/or opportunistic infections (Minette 1986; Aschfalk et 
al. 2002). However, other reports leave no doubt that marine 
mammals host Salmonella and that there is a risk of human 
contraction of salmonellosis through contact with feces and 
fomites, or consumption of meat and blubber. In Japan, 172 
people acquired salmonellosis after consuming meat from a 
whale that was found moribund and floating at sea (Nakaya 
1950). In Umanak, Greenland, 400 inhabitants acquired sal- 
monellosis after consuming meat from a stranded, dead beluga 
(Delphinapterus leucas; Boggild 1969), and in Tununak, 
Alaska, 93 of 99 people that had consumed meat and blub- 
ber from a stranded whale experienced fever, diarrhea, and 
shivering. S. enteritidis was cultured from both the whale and 


rectal swabs from the patients (Bender et al. 1972). In these 
cases, the impact on the consumers may have been a result 
of a combination of gathering meat from unhealthy animals, 
which were possibly sick due to salmonellosis, and consum- 
ing undercooked food. 

In a survey of free-ranging and stranded gray seal pups 
in Scotland, Salmonella was isolated from the rectal swabs 
of 37 animals (21.1%). One serovar (Bovismorbificans), found 
in 32 pups, was indistinguishable from isolates from Scottish 
cattle. The high prevalence of this serovar may indicate 
that it is enzootic in the gray seal population. Furthermore, 
S. typhimurium was isolated from four pups, and was similar 
to isolates from garden birds and a multidrug-resistant strain 
from a human case, while S. haifa isolated from two pups 
was indistinguishable from that of a human clinical isolate 
(Baily et al. 2016). In the Southern Hemisphere, serotypes 
of Salmonella enterica that are commonly found in humans, 
livestock, and wildlife have been detected in feral pigs and 
New Zealand sea lions (Phocarctos hookeri) on the Aukland 
Islands, and among coastal marine wildlife and humans in 
Western Australia and Antarctica (Fenwick et al. 2004; Iveson 
et al. 2009). An animal caregiver in New Zealand contracted 
S. enteritidis from a sick New Zealand fur seal (Arctocephalus 
forsteri) pup (Connolly et al. 2005). These findings indicate 
that Salmonella may be present in many different marine 
mammal species and that coastal waters may be of specific 
interest as a medium where Salmonella serovars are shared 
among birds, marine mammals, and humans. 


Mycobacterium spp. 


Mycobacterium marinum (syn. M. platypoecilus, M. balnei), 
originally described in fish, was first recognized as a human 
pathogen in 1951 (Norden and Linell 1951). The first trans- 
mission of a mycobacterial infection from a marine mammal 
to man was reported in 1970. A marine mammal trainer was 
bitten by a bottlenose dolphin (Zursiops truncatus) and expe- 
rienced an indolent ulcer and swelling at the site of the bite 
approximately 2.5 months later, from which M. marinum was 
cultivated (Flowers 1970); the lesions healed, over several 
months. M@. marinum (Flowers et al. 1970) and other similar 
mycobacteria are present in fresh water and marine ecosys- 
tems, resulting in opportunistic pathogens in fish, amphib- 
ians, and occasionally marine mammals (Waltzek et al. 2012). 
Most inoculations of M. marinum are on the elbow, knee, 
foot, toe, or finger, whereas extracutaneous manifestations 
are rare and include synovitis and osteomyelitis, as well as 
ocular and laryngeal lesions. Such infections in immunocom- 
promised persons may become disseminated (Woods and 
Gutierrez 1993). 

Transmission of mycobacterial infection from captive seals 
to people has been documented. In Western Australia, three 
seals died of mycobacterial infection, associated with bacteria 
possessing characteristics of M. tuberculosis complex (MTBC). 
A seal trainer, who had worked in the marine mammal facility 
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until 2 years before the seals became sick, developed pulmo- 
nary tuberculosis, with fatigue, weight loss, and a chronic and 
productive cough. A mycobacterium was isolated, having the 
same characteristics as the isolates obtained from the seals 
(suggested as being M. bovis at that time; Thompson et al. 
1993; see Chapter 18). These events illustrate the long incu- 
bation time of mycobacteria and the challenge of associating 
clinical signs of disease to previous exposure. 

An outbreak of tuberculosis occurred in a captive colony 
of 29 sea lions in a zoo in the Netherlands. A tuberculin test 
(TST), using avian and bovine protein derivative (PPD), was 
used to test the animals and select animals for thorough diag- 
nosis. Thirteen of the 29 animals were positive for tuberculo- 
sis. Three animals had pulmonary lesions, and M. pinnipedii 
was isolated from one case. A survey was also conducted 
among the 25 animal keepers who had been in close contact 
with the animals, including TST with M. tuberculosis complex 
PPD tuberculin, an interferon gamma test, and x-rays. Six of 
the animal keepers were TST positive, infection being con- 
firmed in five people by the interferon gamma test, yet none 
of them had clinical symptoms or lung lesions detectable by 
radiography (Kiers et al. 2008). 

Mycobacterial infections and tuberculosis in captive 
marine mammals is a growing concern. During the past 
decade, mycobacterial infections have been diagnosed in 
marine mammals in at least 12 facilities, of which 10 are 
in Europe. Patagonian sea lions (Otaria flavescens) are the 
most often affected (Lacave 2009). Mycobacterial infections 
in marine mammals thus represent a serious risk to persons 
in close contact with these animals, because bacteria can 
be shed from the respiratory tract by aerosol, but also via 
mucosal secretions, feces, and urine (Thompson et al. 1993; 
Hunt et al. 2008; Waltzek et al. 2012). Because marine mam- 
mals are increasingly popular among visitors to parks and 
zoos, and because there are increasing practices of close con- 
tact between visitors and animals, mycobacterial infections 
should be considered as potentially important marine mam- 
mal zoonoses. 

It is important to keep in mind that animals may be 
infected and shed bacteria without expressing clinical symp- 
toms, or possibly having nonspecific signs of disease, such as 
anorexia, weight loss, and lethargy. Testing captive animals 
for mycobacterial infections remains crucial, especially when 
recruiting animals into a facility or sending animals to other 
facilities. Cleaning of pools, cages, and other equipment by 
highly pressurized water contributes to aerosol formation, 
which may increase exposure of personnel and visitors to 
mycobacteria, fecal material, and other potentially zoonotic 
agents. 


Brucella spp. 


Bacteria within the genus Brucella have been identified in a 
wide range of marine mammals, causing reproductive problems 
in dolphins but associated with little pathology in true seals 


(see Chapter 18). Characterization of isolates has revealed that 
Brucella spp. in marine mammals are not terrestrial Brucella 
spp. invading new hosts, but rather, specific species, B. ceti 
and B. pinnipedialis, infecting whales and seals, respectively 
(jahans, Foster, and Broughton 1997, Clavareau et al. 1998; 
Maquart et al. 2009). 

The zoonotic potential of B. ceti and B. pinnipedialis 
remains unclear. A laboratory worker working with marine 
mammal strains of Brucella spp. became infected and devel- 
oped chronic headache, fatigue, and sinusitis (Brew et al. 
1999), indicating a risk for marine mammal workers exposed 
to animals shedding such bacteria. Furthermore, marine 
mammal Brucella spp. were also isolated from two people 
in Peru with neurobrucellosis (intracerebral granulomas) 
and one person in New Zealand with osteomyelitis. None of 
these people had direct contact with marine mammals but 
shared a history of consuming raw seafood (Sohn et al. 2003; 
McDonald et al. 2006). 

The survival and pathogenicity of Brucella spp. are 
associated with their ability to infect and replicate in macro- 
phages. The pathogenicity of two isolates of B. pinnipedialis 
(reference strain NTCT 12890 and a hooded seal [Cystophora 
cristata] isolate B17) was investigated by infecting human 
macrophage-like cells (THP-1), two murine macrophage cell 
lines (RAW264.7 and J774A.D, and a human malignant epi- 
thelial cell line (HeLa S3). The study showed that, while the 
bacteria were able to enter human and murine macrophages, 
they were not able to multiply or survive for a prolonged 
period of time, as is a characteristic for pathogenic Brucella 
spp. in susceptible hosts (Larsen et al. 2013). 

Based on the clinical signs observed after the transmis- 
sion of Brucella spp. to the laboratory worker (Brew et al. 
1999), there are reasons to believe that clinical symptoms in 
humans after infection by marine Brucella spp. may be of a 
generalized character (i.e., “flu-like”). These symptoms may 
be difficult to associate with marine mammal exposure and 
Brucella infections (Tryland et al. 2014). 


Leptospira spp. 


Leptospira spp. are motile Gram-negative bacteria in the fam- 
ily Leptospiraceae, of the phylum Spirochaetes. Domestic ani- 
mals and wildlife may be infected without showing clinical 
symptoms but may shed bacteria in urine. People may thus 
be exposed through direct contact with animals and their sur- 
rounding environment. Bacteria can enter the body through 
mucous membranes of the eyes, nose, or mouth, or through 
the skin, especially via abrasions and scratches, whereas 
person-to-person transmission is rare. 

Leptospirosis has occurred in a wide range of marine 
mammal species, mostly pinnipeds, and has been involved in 
stranding and mortality events (Waltzek et al. 2012; Tryland 
et al. 2014). The zoonotic potential of Leptospira spp. from 
marine mammals is unclear, but people have become sick 
after being exposed to fluids and tissues, while conducting 


54 Zoonoses and Public Health 


necropsies of sea lions infected with Leptospira interrogans 
pomona (Smith, Prato, and Skilling 1978). A study of blood 
samples from 917 inhabitants at Nunavic, Quebec (Canada), 
revealed antibodies against Leptospira spp. in 5.9% of those 
tested; however, no association between seropositivity and 
different methods of preparing food, such as handling raw 
meat from marine mammals, was found (Messier et al. 2012). 

Few cases of human leptospirosis have been linked 
unequivocally to contact with marine mammals (Hunt et 
al. 2008; Waltzek et al. 2012). People in close contact with 
marine mammals or the surrounding environment, including 
people involved in strandings, rehabilitation, and necropsies 
of dead animals, are at risk (Cameron et al. 2008; Norman 
et al. 2008). 


Coxiella burnetii 


Coxiella burnetii is a small, Gram-negative intracellular bac- 
terium and the causative agent of Q fever. The bacterium has 
a wide host range, but cattle, goats, and sheep are most com- 
monly infected. Infection is usually associated with repro- 
ductive problems, such as abortion, stillbirths, and weak 
newborn offspring. Humans are most often exposed through 
inhalation of aerosols containing the bacteria, often from 
organic matter during parturition. The most common clini- 
cal signs in humans are flu-like symptoms, fever, malaise, 
and respiratory problems, but gastrointestinal symptoms can 
also occur. C. burnetii has been identified rarely in marine 
mammals. 

C. burnetii was first reported from the placenta of a 
Pacific harbor seal (Phoca vitulina richardsi). The animal was 
euthanized due to encephalitis, and the bacterium was found 
by histopathology of tissues collected at necropsy (Lapointe 
et al. 1999). This bacterium was also isolated, in Washington 
(USA), from an adult Steller sea lion (Eumetopia jubatus) with 
placentitis (Kersh et al. 2010). Using PCR, C. burnetii has 
further been detected in the Pacific Northwest of the United 
States in the placentas of harbor porpoises, Steller sea lions, 
and Pacific harbor seals, where in the latter, serology revealed 
a high prevalence (34%, ” = 215) of antibodies against this 
bacterium, suggesting an enzootic situation (Kersh et al. 
2012). This is in line with another serological survey of north- 
ern fur seals (Callorhinus ursinus) and Steller sea lions from 
Alaska, which revealed a seroprevalence of 63% (1994-2011) 
and 59% (2007-2011), respectively (Minor et al. 2013). 

Due to a decline in the population of northern fur seals 
on St. Paul Island (Bering Sea, Alaska), placentas were col- 
lected during the pupping season in 2010. C. burnetii was 
detected in 109 of 146 placentas (75%) by PCR but was not 
associated with pathology or inflammation (Duncan et al. 
2014). To assess the potential zoonotic impact C. burnetii 
could have on the Aleut community on St. Paul Island, sam- 
ples of muscle, liver, kidney, spleen, testicle, lymph node, 
lung, and bone marrow were collected from 50 subadult male 
northern fur seals during the community harvest, and tested 


by real-time PCR. Surprisingly, none of the samples were pos- 
itive for C. brunetii-specific DNA (Duncan et al. 2014). 

A survey of northern sea otters Enhydra lutris Renyoni) 
from Alaska revealed an overall seroprevalence of 17%, vary- 
ing from 40% in the south-central region to 8% in the south- 
west and 4% in the southeast of Alaska. The study failed to 
demonstrate an association between a C. burnetii infection 
and valvular endocarditis, which has been described in this 
species with no obvious cause, indicating yet another marine 
mammal population (sea otters) in which C. burnetii is enzo- 
otic (Duncan et al. 2015). 

C. burnetii infections have mostly affected placentas, 
but a recent report indicated that this bacterium may also be 
associated with brain tissue, and thus plays a role in stranding 
events of harbor seals (Rosales and Thurber 2015). Since this 
bacterium has a wide host range, may affect reproduction in 
many species, is enzootic in several marine mammal species 
and populations, is zoonotic, and is also rather resistant in 
the marine environment, further investigations are necessary 
to reveal the organism's potential impact on marine mammal 
populations, as well as their importance as a source of infec- 
tion for other mammals and humans. 


Miscellaneous and Mixed Bacterial Infections 


Several bacterial infections in humans are associated with 
water and marine environments. Vibrio spp. are very com- 
mon in marine waters and are frequently encountered in 
cetaceans (Cowan, Turnbull, and Haubold 1998), though 
less frequently in seals Johnson, Nolan, and Gulland 1998; 
Thornton, Nolan, and Gulland 1998). Such infections may 
cause gastroenteritis, sepsis, and soft tissue infections, espe- 
cially in individuals with severe liver disease and chronic dis- 
eases such as diabetes mellitus (Howard and Bennett 1993). 

Furthermore, Edwardsiella spp., especially E. tarda, may 
be pathogenic in humans exposed to aquatic environments, 
marine mammals, reptiles, and amphibians, or via consump- 
tion of raw fish. Edwardisella spp. infections may cause a range 
of disease symptoms, such as gastroenteritis, but in immuno- 
compromised persons it may cause severe wound infections, 
septicemia, and meningitis Janda and Abbott 1993). 

Clostridium spp. are spore-forming anaerobic bacilli, ubiq- 
uitous in soil, sewage, marine environments, decaying animals 
and plants, and the intestinal tract of many animals. Many spe- 
cies of Clostridium have been cultured from the blood, lesions, 
and intestinal tracts of dolphins and seals, with the main risk 
to people being wound infection (Cowan, Turnbull, and 
Haubold 1998; Thornton, Nolan, and Gulland 1998). 

A wide range of potentially zoonotic bacterial pathogens 
have been isolated from marine mammals, often as mixed 
infections. Marine mammals that are exposed to anthropo- 
genic activity, such as those inhabiting urbanized coastlines, 
may host such pathogens to a greater extent than animals 
from remote areas. In a study of enteric bacterial pathogens in 
southern sea otters Enhydra lutris nereis), it was concluded 
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that otters found dead were more likely to test positive for 
Clostridium perfringens, Campylobacter, and Vibrio para- 
haemolyticus than live otters, and that otters from urbanized 
coastlines and from areas near outflows of rivers or streams 
were more likely to host one or more of these bacteria (Miller 
et al. 2010). Thus, proximity to human settlements may affect 
the spectrum of potential pathogens hosted by the marine 
environment, including marine mammals. 


Botulism 


Botulism is, by strict definition, not a zoonosis, since it is 
ingestion or absorption of the premade toxin (and not infec- 
tion with the bacterium itself) that causes this disease in 
humans and animals. However, it is a condition worth men- 
tioning in this context, because the risk of contracting botu- 
lism from the consumption of marine mammal meat has been 
documented, especially among native people in Greenland, 
Canada, and Alaska (Hauschild and Gauvreau 1985; Shaffer 
et al. 1990; Sorensen, Alboge, and Misfeldt 1993; Horowitz 
2010; Johnson 2014). Botulism is an intoxication by the bot- 
ulinum toxin produced by Clostiridium botulinum, with 
C. botulinum type E being the most common type found 
in seafood products from cold waters (Huss 1994). Botulism 
is exacerbated by the introduction of plastic wrappings in 
households, creating the anaerobic storage conditions neces- 
sary for C. botulinum to grow (Eisenberg and Bender 1976; 
Shaffer et al. 1990). 

Alaska Natives have one of the highest rates of food- 
borne botulism worldwide, associated with the consumption 
of native foods, such as fermented seal flipper and fermented 
whale “muktuk,” with fatal cases reported (Schaffer et al. 
1990). A summary of 91 laboratory-confirmed botulism cases 
in Canada (1985-2005) revealed that 205 persons contracted 
botulism, 11 of whom died. About 86% of the outbreaks were 
caused by C. botulinum type E, 8% by type A, and 6% by type 
B. Further, 85% of the outbreaks occurred in Alaska Native 
communities, as well as Canadian First Nations populations, 
especially in Nunavik, northern Quebec, and First Nations 
people of the Pacific coast of British Columbia. Most of the 
outbreaks were associated with traditionally prepared marine 
mammal and fish products, whereas two outbreaks could be 
traced back to commercial, ready-to-eat meat products, and 
three to restaurant foods (Leclair et al. 2013). 


Parasitic Zoonoses 


Toxoplasma gondii 


Clinical cases of toxoplasmosis or the detection of antibod- 
ies against 7’ gondii have been reported in a wide range of 
marine mammals, including whales, dolphins, seals (Fujii et 
al. 2007; Simon et al. 2011), sea otters, manatees (Trichechus 


manatus, Buergelt and Bonde 1983), and polar bears (see 
Chapter 20). 

There is no risk of contracting toxoplasmosis through 
indirect contact with marine mammals, but because many 
marine mammal species are infected with T: gondii, meat from 
these animals, especially if undercooked (e.g., dried, salted, 
fermented), may represent a source of infection for people. 
There are no documented cases verifying the transmission 
of T: gondii from marine mammals to humans through the 
consumption of marine mammal meat and products; but 
there are several reports on antibody levels in humans and 
seals, suggesting that such transmission is likely. A serosurvey 
of 828 arctic seals from seven Canadian Arctic communities 
(1999-2006), revealed a seroprevalence of 10.4%, suggesting 
that seals, when eaten raw, represent a source of infection 
for Inuit people (Simon et al. 2011). A serosurvey of Inuit in 
Nunavik, Quebec, Canada, revealed a seroprevalence of 60% 
among adults (Massie et al. 2010). Further, the consumption 
of dried seal meat and seal liver were identified as risk factors 
during a previous outbreak of toxoplasmosis among pregnant 
women in Nunavik (McDonald et al. 1990). A serological 
study for 7. gondii revealed a seroprevalence of 80% in a 
group of Inuit people in Nunavik with a dietary preference 
for raw, dried, marine mammal meat, versus a seroprevalence 
of only 10% in a Cree population from the same community, 
the latter having a preference for cooked meat from terrestrial 
mammals (Levesque et al. 2007; Messier et al. 2009). 

During the International Polar Year Inuit Health Survey 
(2007-2008), among Inuit communities in Canada, a mean 
seroprevalence to T: gondii of 27% was found across the sur- 
vey region (Inuvialuit Settlement Region, Nunavut, Nunavik, 
and Nunatsiavut), with slightly higher prevalence in males 
(28.8%) compared to females (25.7%), and highest prevalence 
among older (250 years) people. Interestingly, the seroprev- 
alence to T. gondii increased significantly with the amount 
and frequency of marine mammal meat consumption, with 
an increase from 14.4% (<16 g/day) to 36.5% (216 g/day) and 
from 18.0% among people consuming marine mammals less 
than once a week to 35.6% in individuals consuming marine 
mammals once a week or more (Goyette et al. 2014). 

In a Canadian infectivity study, meat from gray seals 
experimentally inoculated with 7’ gondii was fed raw and 
locally prepared (i.e., dried, salted, or fermented) to cats. The 
cats became sick after consuming the raw seal meat but not 
the prepared foods, thus suggesting a potential food safety 
risk for humans consuming raw seal meat (Forbes, Measures, 
and Gajadhar 2009). 


Trichinella spp. 


Trichinella spp. undergo their entire life cycle in one host. 
Transmission to new hosts is through consumption of infected 
meat, which among marine mammals renders the polar bear 
and, to some extent, the walrus as the species most likely to 
become infected. Of the whale species, killer whales may be 
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at risk due to their carnivorous diet, but there is no evidence 
of infection in these whales (Forbes 2000). 

A survey of diaphragms from harp (Pagophilus groen- 
landicus; n = 1,955) and hooded (7 = 192) seals caught in 
1949-1953 using trichinoscopy revealed no positive animals 
(Thorshaug and Rosted 1956). Another survey of harp (7 = 
1,000) and hooded seal diaphragms (7 = 174) hunted north of 
Jan Mayen (Greenland Sea) and of harp seals Gz = 175) from 
the Barents Sea, using the digestion method, was also nega- 
tive (Handeland, Slettbakk, and Helle 1995). A few studies 
have, however, shown that bearded (Erignathus barbatus), 
ringed, hooded, and gray seals may be infected (Forbes 
2000; Meller 2007; Isomursu and Kunnasranta 2011). 

Most outbreaks of trichinellosis in Arctic communities 
have been associated with consumption of walrus meat, 
where instances of food sharing and large gatherings have 
been associated with a number of fatalities (Margolis, 
Middaugh, and Burgess 1979; Viallet et al. 1986, MacLean 
et al. 1989; Serhir et al. 2001). In one such outbreak (Disco 
Bay, West Greenland), about 300 Inuit were infected, result- 
ing in 33 fatalities, the source of infection being walrus 
meat and possibly meat from a beluga whale (Thorborg, 
Tulinius, and Roth 1948). Walruses seem to be the most 
common source of infection, as this species’ meat is often 
consumed raw, fermented, or dried (Proulx et al. 2002; 
Moller et al. 2005). Walruses may become infected through 
predation on seals (Fay 1960). However, polar bear meat 
may also be a source of human infection (Asbakk et al. 
2010; Moller et al. 2010). 

Freezing may kill the larvae of Trichinella spiralis, 
whereas the Arctic variant, 7’ nativa, is more freeze toler- 
ant and may survive repeated freeze-thaw cycles (Davidson, 
Handeland, and Kapel 2008). Attempts have been made 
to assess how traditional meat preparation processes (e., 
drying, fermentation, smoking) may affect the infectivity of 
Trichinella spp. larvae. One study concluded that such prep- 
arations of walrus meat inactivated the larvae of 7) nativa 
(Leclair et al. 2004), whereas another study concluded that 
Trichinella larvae from experimentally infected seals sur- 
vived in traditionally prepared meat for more than 5 months 
(Forbes et al. 2003). 

A serosurvey for Trichinella spp. antibodies among peo- 
ple in a hunting community in Greenland revealed a low 
prevalence (1.4%) in people under 40 years of age but a sero- 
prevalence above 12% in persons over 60 years. Furthermore, 
being a hunter or a fisher as well as consuming polar bear 
meat were identified as risk factors (Maller et al. 2010). 

In the International Polar Year Inuit Health Survey (2007- 
2008; see above, T: gondii), similar results were obtained for 
Trichinella spp. as for T. gondii: the seroprevalence increased 
with increased intake (amount and frequency) of marine 
mammal meat and products, from 10.2% (<16 g/day) to 24.7% 
( 6 g/day), and from 13.6% (marine mammal consumption 
less than once a week) to 22.9% (marine mammal consump- 
tion once a week or more; Goyette et al. 2014). 


Giardia spp. 


Human giardiosis was identified among native Inuit on Baffin 
Island, Canada, and in northern communities from Alaska, fol- 
lowed by the identification of Giardia cysts in feces from 3 
of 15 ringed seals. This was likely the first investigation into 
Giardia in marine mammals (Olson et al. 1997). Giardia has 
also been detected in harp seals, hooded seals, ringed seals, 
bearded seals, gray seals, harbor seals, California sea lions, right 
whales (Eubalaena glacialis), bowhead whales (Balaena mysti- 
cetus), common dolphins (Delphinus delphis), harbor porpoises, 
Atlantic white-sided dolphins (Lagenorbynchus acutus), long- 
finned pilot whales, and Risso’s dolphins (Grampus griseus; 
Measures and Olson 1999; Applebee, Thompson, and Olson 
2005; Hughes-Hanks et al. 2005; Dixon et al. 2008; Gaydos 
et al. 2008; Bogomolni et al. 2008; Lasek-Nesselquist et al. 
2008). Although prevalence of Giardia was reported as surpris- 
ingly high (0-80%) in some of these studies (Hughes-Hanks 
et al. 2005; Dixon et al. 2008), there is little information on the 
impact of such infections in these marine mammal populations. 

Typing of Giardia isolates obtained from marine mam- 
mals has mostly indicated zoonotic isolates (Dixon et al. 
2008; Lasek-Nesselquist et al. 2008). There are no reports of 
transmission of Giardia from marine mammals to people, 
but, as with Cryptosporidium spp., the potential presence of 
Giardia in feces of marine mammals should be kept in mind 
during handling, as well as when exposed to feces and water 
in facilities housing seals and whales. 


Cryptosporidium spp. 


Cryptosporidium spp. ate parasites often associated with 
severe diarrhea in many mammalian species, but little 
is known about these parasites in marine environments. 
However, Cryptosporidium spp. have been reported in a wide 
range of marine mammals, such as dugongs (Dugong dugon; 
Hill, Fraser, and Prior 1997), California sea lions (Deng, 
Peterson, and Cliver 2000), ringed seals (Hughes-Hanks et 
al. 2005; Santin, Dixon, and Fayert 2005; Dixon et al. 2008), 
bearded seals (Dixon et al. 2008), harp seals, and gray seals 
(Bogomolni et al. 2008), as well as bowhead whales, right 
whales (Hughes-Hanks et al. 2005), and harbor porpoises 
(Bogomolni et al. 2008). 

There are no reports of the transmission of Cryptosporidium 
spp. from marine mammals to humans, but it has been sug- 
gested that Cryptosporidium spp. may be transmitted from 
infected people (food handlers) to meat from marine mam- 
mals. This has been demonstrated with meat from other ani- 
mals in several outbreaks of food-borne cryptosporidiosis, 
where food handlers were the original source (Robertson 
and Fayer 2012). Since transmission may also occur via con- 
taminated water, transmission can occur within facilities with 
captive marine mammals should an animal be infected. Thus, 
this parasite represents a risk to people handling animals and 
cleaning facilities housing marine mammals. 
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Fungal Infections 


A large number of fungal species have been recovered from 
marine mammals (see Chapter 19), some of which may 
be zoonotic (Cates et al. 1986; Higgins 2000; Waltzek et 
al. 2012). As infection with fungi requires spores from the 
environment, rather than the vegetative stages found in 
marine mammals, animal-to-animal transmission and direct 
transmission to humans from animals are unlikely. The fun- 
gus Lacazia (Loboa) loboi is an obligate pathogen causing 
the chronic mycotic disease lobomycosis in dolphins (van 
Bressem et al. 2009). Transmission to humans occurs through 
skin abrasions. An aquarium worker developed a cutaneous 
granuloma (blastomycosis) on the hand 3 months after being 
in contact with a bottlenose dolphin with LZ. /oboi infection 
(Symmers 1983). In humans, Lobo’s disease, also called lobo- 
mycosis or lacaziosis, is a disease of the Central and South 
American tropics, and in dolphins, it occurs from the Gulf of 
Mexico, mainly Florida, to South America. 


Conclusions 


There are a few specific zoonotic infections that deserve spe- 
cial attention when considering risks associated with expo- 
sure to marine mammals, either as food or through close 
contact. Botulism, an intoxication from the botulinum toxin 
produced by the bacterium Clostridium botulinum, is associ- 
ated with the traditional way of preparing food from marine 
mammals, when anaerobic conditions are present. Botulism 
is of special concern since fatal cases often appear during 
larger outbreaks. Another condition associated with consump- 
tion of marine mammals is toxoplasmosis, resulting from the 
consumption of undercooked meat from walruses and other 
species hosting the parasite Toxoplasma gondii. Meat from 
marine mammals should thus be handled and stored prop- 
erly, in addition to being properly cooked, in order to avoid 
such diseases. 

Seal finger, presumably caused by Mycoplasma spp., is a 
relatively common condition among people in close contact 
with marine mammals. It is not fatal, but may be very pain- 
ful and lead to working disabilities and permanent complica- 
tions. Protective clothing and covering of skin wounds on 
hands and fingers may prevent infection, and proper treat- 
ment may heal the lesions efficiently, should the infection 
establish. 

Reviewing other zoonotic diseases of marine mammals 
indicates that human cases are rare. However, while most 
people may not become sick after exposure to marine mam- 
mals and zoonotic pathogens, it is important to be aware 
of the potential risks, because those who are immuno- 
compromised are at an increased risk of disease and may be 
more susceptible to complications arising from more severe 
clinical conditions. The finding of mycobacterial infections 


among marine mammals in aquariums and zoos is of special 
concern, as it may affect not only persons with close and pro- 
longed contact with the animals, such as animal handlers, but 
also the general public. 

People in close contact with marine mammals should 
have specific knowledge of the most common zoonotic infec- 
tions in these animals. They should be given training in how 
to protect themselves from exposure to potential pathogens. 
Personal protective equipment (PPE) such as gloves, goggles, 
and face masks should be used whenever coming into contact 
with skin or mucosal membranes, including facial exposure 
to an animal’s exhaled breath, or when highly pressurized 
water is used for cleaning. Gloves should always be worn 
when handling marine mammals, feces, urine, or water from 
pools with captive animals, prior to which any skin wounds 
should be properly covered. 

If a person with known exposure to marine mammals 
or their environment becomes sick, it is important to secure 
a proper history and possible links to exposure. One should 
keep in mind that marine mammals may shed pathogens and 
be a source of infection while showing no signs of disease. 
It is equally important to be aware that finding a pathogen 
in a sputum or fecal sample from a marine mammal does 
not necessarily prove that this pathogen is the cause of a 
human case, unless the pathogen isolated is molecularly char- 
acterized as identical to the one from the human case (.e., 
PCR amplicon or genome sequencing). Long incubation times 
may complicate the epidemiological picture of a disease case 
or outbreak. Lastly, a common challenge is that zoonoses in 
general, and zoonoses from marine mammals in particular, 
may not be well known to the majority of medical personnel. 
Nevertheless, medical personnel should be contacted imme- 
diately if people develop fever and are not feeling well after 
handling or being exposed to marine mammals. 
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Introduction: Make a Difference 
in Marine Mammal Medicine 


Why—in a marine mammal textbook—have a chapter about 
ethics and animal welfare? Why hold whales in captivity? Why 
use marine mammals in research? What are the pros and cons 
of such activities? Many, if not all, of us have been asked these 
questions. Do we speak up or stay silent? Interest in and 
compassion for marine mammals has led us to dedicate our 
careers to studying, treating, and helping marine mammals, 
at both the individual animal and population levels. How do 
we best convey our training, life experiences, worldviews, 
and compassion into decisions we make about marine mam- 
mals? These types of questions rightly force us to reflect on 
our opinions, decision-making methodologies, and how best 
to disseminate what we learn. 

Whether you are a marine mammal veterinarian, trainer, 
biologist, laboratory researcher, rehabilitator, educator, or 
interested member of the public, this chapter touches on top- 
ics rarely learned in school—topics such as self-awareness, 
ethical decision making, internal conflict resolution, mecha- 
nisms for evaluating animal well-being, and how best to com- 
municate our science and decisions, whether to the media or 
in a court of law. This chapter is meant to inspire personal, 
professional, and ethical growth; to guide you through com- 
plex ethical decision-making; to get you thinking about how 
personal morals play into ethical decision making; to help 
you craft clear messages about your decisions; and, to take 
some of the stress out of communicating your results. We 
examine marine mammal well-being in captivity and in the 
wild, on and off research vessels, and in our oceans, reha- 
bilitation centers, and aquaria. Our goal is to help promote 
the health and well-being of the marine mammals we care 
for and care about, so the general public better understands 
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marine mammal medicine, health, and well-being, and acts 
accordingly. 

This chapter is not a dissertation on rules and regulations 
governing marine mammal care in the wild or in captivity. 
Rather, it references, but does not detail, relevant US laws: 
the Marine Mammal Protection Act of 1972 (amended 1994, 
2004, and 2007); the Endangered Species Act of 1973; and the 
Animal Welfare Act of 1966 (amended 2008), all of which, 
along with associated regulations, govern marine mammal 
care in the United States (see Chapter 31). 

Our professional lives are defined by our education and 
early professional experiences. As we move beyond our pro- 
fessional training and early experiences, we begin to define 
what our passions are, where we want to go in life, and how 
the life skills we learn along the way play into decisions we 
make and information we provide to the public about marine 
mammal health and well-being. 

We hope this synoptic guide facilitates collaborative deci- 
sion making across scientific, social, and economic cultures, 
and leads individuals to informed choices, policies, and man- 
agement actions that improve marine mammal health, well- 
being, care, and conservation. 


Ethics and Self-Awareness 


Do you consider yourself an ethical thinker? What exactly is 
ethics, and how does it play into how you live your life and 
make decisions (Box 5.1)? 

The Oxford English Dictionary defines ethics as relat- 
ing to morals, characterized by ethos (a person’s nature or 
disposition) and the spirit or prevalent tone of a people or 
community (OED 1989). Others describe “ethics” as referring 
to a system of moral principles, standards, or accepted cus- 
toms of conduct, and “right living” in a society (Shaw 1987). 


BOX 5.1 ARISTOTLE AND ETHICS 


Aristotle, the Greek philosopher and scientist, writing in 
the third century BCE, discussed ethical decision mak- 
ing as that aimed at making decisions that were “good” 
and leading to “doing good.” Aristotle taught that to 
“achieve a virtuous and potentially happy character” 
requires two main stages, the first being habituation— 
“not deliberatively, but by teachers and experience,” and 
the second (after training and early experiences) where 
one “conscientiously chooses to do the best things” 
using practical wisdom and intellect, becoming a theo- 
retical, practiced thinker and decision-maker, essentially 
“a philosopher.” Aristotle believed that each of us in 
our own ways has deliberate actions we take relative to 
our psyche/soul, and he equated these to “happiness” 
or “well-being” (Bartlett and Collins 2011; Nicomachean 
Ethics Book VI by Aristotle 350 BCE). 


Figure 5.1 Ethics defined in a word cloud. 


“Ethics (is) a domain unto itself, a set of concepts and prin- 
ciples that guide us in determining what behaviors help or 
harm” (Paul and Elder 2006). Contrary to what most people 
think, ethics is not about behaving in accordance with social 
conventions, religious beliefs, or the law. Instead, ethics 
relates to morals, the well-thought-out standards of right and 
wrong that guide our actions. While some ethics conform 
to social standards (say the widely held standard to refrain 
from murder or theft), others may deviate from certain laws 
or religious beliefs, requiring us to constantly examine, reex- 
amine, reflect upon, and refine our own personal morals 
(Figure 5.1). 

Chances are, following your educational training and 
early experiences (Aristotle’s definition of “habituation”), you 
know what you want to do in your professional life. Yet, 
have you taken the time to examine who you are, to deter- 
mine how to conscientiously choose “to do the best things” 
(as Aristotle suggests)? Aristotle defined lifelong happiness as 
emerging from the search for meaning (Pigliucci 2012), with 
meaning defined as anything that adds value to life’s larger 
purposes. Spend time every day—even if it is only 5 minutes 
before you fall asleep—reflecting on your day, paying atten- 
tion to your thoughts, emotions, and behaviors during the 
day, mentally revisiting the “good things” you have accom- 
plished, and be grateful for them. 

What do you value most about yourself? Do you listen? 
Are you a collaborator? Can you think strategically—beyond 
today? Are you passionate about what you do? What is your 
personal vision for life? What is your organization’s mission 
and vision? Do they mesh? Are you “cruising” in your current 
position, or is it time to take a quantum leap? 
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Lee Iacocca (2007) created a list of nine valuable leader- 
ship traits (Box 5.2). 


BOX 5.2 THE NINE C’S OF LEADERSHIP 


1. Curiosity Ask questions. Listen. Figure out 
what makes others tick. 
2. Creativity Be creative. Go out on a limb. Be 


willing to try something different. 
Think outside the box. Think 
ahead. 


3. Communication Communicate. Talk to people. Bill 
Clinton once said, “It’s just plain 
crazy to stop talking to people you 
disagree with. As long as you keep 


talking, there’s hope.” 


4. Character Know the difference between right 
and wrong. Have the guts to do the 


right thing. 


Abraham Lincoln said, “If you want 
to test a man’s character, give him 
power.” 


5. Courage Swagger isn’t courage. Tough talk 
isn’t courage. Walk the walk; don't 
just talk the talk. Step up to the 
plate and accept personal 


responsibility. 


6. Conviction Show the fire in your belly. Show your 


desire to really get things done. 


7. Charisma Inspire people to stand taller. 
Motivate people to act by appealing 
to the good in their hearts, not the 
evil in the hearts of others. Be more 
concerned that others feel good 
about themselves than they feel 


about you. 


8. Competency Get results. Show what’s working 
and be held brutally accountable 


for your decisions. 


9. Common sense __ As my business mentor, Charlie 
Beacham, used to say, “The only 
thing you’ve got going for yourself 
as a human being is your ability to 
reason and your common sense.” 


(Adapted from Iacocca, L., The 9 C’s of Leadership, http://critical 
assumption.blogspot.com/2007/04/lee-iacocca-9-cs-of-leadership. 
html, 2007.) 


Think about these traits. Are they ones with which you 
identify with or would like to identify? The Dalai Lama once 
was asked, “What is the secret to true happiness?” He paused 
for a moment and then quietly answered, “...the develop- 
ment of compassion and understanding for others. It’s the 


only thing that can bring us the tranquility and happiness we 
all seek.” Putting compassion alongside leadership traits may 
provide you with tools to act in ethical ways. 

Do you often believe you are absolutely right (the issue is 
black/white)? If so, stop. Challenge yourself. Be courageous. 
Go find someone who disagrees with you and have a conver- 
sation. Have a conversation with people you do not like. Try 
picking your worst enemy to work with. Try your opinions 
out on the person sitting next to you on the plane, whom 
you do not know at all. Pick up the phone and call someone. 
Converse with him or her. Forget email/text. Try to free your 
mind of bias, and be open to counterarguments. Do not let 
your mind wander or work on a response while someone else 
is talking. Listen with respect. Find the “gray” in the black/ 
white spectrum. Understand the full issue, all 360 degrees. 
Learn to temper the fires that divide, walk in someone else’s 
shoes, and then refine your opinions. This will help prepare 
you to disseminate your ideas and opinions diplomatically. 

A 2006 global survey of wildlife veterinarians and veteri- 
nary students concluded that to succeed, one needs not only 
technical expertise and technical skills, but also “soft skills” 
such as an awareness of how the world works and a general 
recognition about how we choose to live our lives (Mazet, 
Hamilton, and Dierauf 2006). Practice focusing on who you 
are, how you got to where you are, and how you envision 
getting to where you want to go. Try to be in touch with 
your own emotions and the emotions of others. If you under- 
stand your own strengths and weaknesses, if you understand 
and value yourself, you have achieved the first step in ethical 
decision making—self-awareness. Self-awareness gives you 
your own voice, creates consistent responses, and helps you 
become your authentic self. Examining your own personal- 
ity without the interference of anyone else’s observations or 
judgments will energize your life. Table 5.1 includes some 
lifetime learning opportunities (formal and informal, directed 
and self-directed) to consider for enhancing results and suc- 
cess in both your personal and professional life. 


Ethical Decision Making 


If you are like us, perhaps you did not pay a lot of atten- 
tion in your veterinary or biological science ethics classes Gf 
you even had them) when discussions turned to topics of ethi- 
cal awareness, knowledge, and skills. As you become more 
aware of your own values and viewpoints, you build a stron- 
ger foundation from which to conduct ethical decision making 
(Magalhiaes-Sant’Ana et al. 2014; Corey et al. 2015). The stron- 
ger your foundation, the better prepared you will be to make 
ethical decisions before a crisis develops. Being prepared will 
make the crisis more bearable and help you avoid being blind- 
sided by tough questions. Are you aware of what decision- 
making process you follow? Is it written down? Ethical decision 
making is both objective (e.g., factual, evidence-based, and 
rational) and subjective (i.e., after rational thought, using your 


Table 5.1 


66 Ethics and Animal Welfare 


Continual Learning Resources—Discovering Who You Really Are 


Books 


Bradberry, T. and J. Greaves 2009. Emotional Intelligence 2.0. San Diego, CA: TalentSmart, 256 pp. 

Chopra, D. 2010. Soul of Leadership: Unlocking Your Potential for Greatness. New York, NY: Harmony Books, 224 pp. 
Gladwell, M. 2005. Blink: The Power of Thinking Without Thinking. New York, NY: Little Brown and Company, 277 pp. 
Goleman, D. 1995. Emotional Intelligence: Why It Can Matter More Than IQ. New York, NY: A Bantam Book, 384 pp. 
Kouzes, J.M. and B.S. Posner 2007. The Leadership Challenge (4° Edition). San Francisco, CA: John Wiley & Sons, 


Inc, 416 pp. 


Morgan, H.J. and J.K. Jay 2016, The New Advantage: How Women in Leadership Can Create Win-Wins for Their 
Companies and Themselves. Santa Barbara, CA: Praeger, 186 pp. 

Rath, T. 2007. Strengths Finder 2.0. New York, NY: Gallup Press, 175 pp. 

Rath, T. and B. Conchie 2008. Strengths Based Leadership. New York, NY: Gallup Press, 216 pp. 


Online Blogs 
and Courses 


American Association for the Advancement of Science (AAAS), Center for Public Engagement with Science and 
Technology, Communicating Science: Tools for Scientists and Engineers, http://aaas.org/ 


Bartlett, D. Five Questions to Find Your Authentic Self, MBG Blog, http://mindbodygreen.org 

Clifton Strengthsfinder Assessment, Gallup Strengths Center, https://www.gallupstrengthscenter.com/ 
DecisionWise, Leadership Intelligence Blog, https://www.decision-wise.com/blog/ 

Marquis, J. 2013, Building the Ideal Skill Set for 21st Century Employment, http://www.onlineuniversities.com 
/blog/2013/07/building-the-ideal-skill-set-for-2 1 st-century-employment/ 

Staff Writers, 2012, The 10 Best Books on Emotional Intelligence 
http://www.onlineuniversities.com/blog/emotional intelligence 

Myers—Briggs Step II Personality Inventory, http://myersbriggs.org 

Pearman Personality Integrator 2016, http://pearmanpersonality.blogspot.com 


TED Talks Goldstein, D. 2013. The Battle Between Your Present and Future Self. https://www.ted.com/talks/daniel_goldstein_the 
_battle_between_your_present_and_future_self?language=en 
Formal Center for Applications of Psychological Type at capt.org (Gainesville, FL) 
Coursework Center for Creative Leadership at ccl.org (Greensboro, NC; Brussels, Belgium; Singapore) 


National Clearinghouse for Leadership Programs, University of Maryland at https://nclp.umd.edu/ (College Park, MD) 

Skillsoft at skillsoft.com (Nashua, NH, and Dublin, Ireland) 

The Soul of Leadership: Insights, Inspiration and Tools for the Engaged Leader, Kellogg School of Management, 
Northwestern University at kellogg.northwestern.edu (Evanston, IL) 


instincts/intuition). In the scientific decision-making literature, 
the majority of articles on ethical decision making focus on 
human medicine (Vandeweerd et al. 2012). We have an ethical 
responsibility to conduct thoughtful decision making to mini- 
mize risk and harm and maximize well-being and success. We 
consult colleagues, specialists, laboratories, and the internet, 
rather than scientific databases and peer-reviewed literature, 
“mainly because of limited time” (Vandeweerd et al. 2012). Yet 
in your decision making, do not rush to judgment and intui- 
tive thinking. Make time and take time to ensure your decision 
is consistent, and do not expect to be 100% correct about the 
final decision you reach. 

Let us look at a real-life complex ethical decision that 
any marine mammal expert around the world might face. 
Hypothetically, you are called out and find a live-stranded 
dolphin on the beach. This species of dolphin is known to 
be social in the wild. Rehabilitation facilities are not available. 
You have to decide whether to push the animal back into 
the water or euthanize it. Its body condition is thin, but not 
emaciated. No other significant findings are seen on clinical 
examination. Perhaps you have access to rapid hematology 
analysis and find no striking abnormalities. Do you push it 
back out to sea and hope it is able to find offshore conspecif- 
ics? Release has been shown to work in some situations and 
gives the animal a chance at survival, whereas euthanasia will 


not. On the other hand, euthanasia prevents prolonged suf- 
fering. Inevitably, the best course of action is not clear, and no 
matter your decision, do not expect to feel confident about it. 


The Process of Decision Making 


Throughout decision making, consistently apply a standard 
process. Be persistent and work your way through the pro- 
cess. Think long-term goals and objectives. Take a systems 
approach, looking at the whole picture. As life gets more 
complex and responsibilities increase, so too do the steps 
in the process. Do not struggle in isolation. Synergy can be 
gained in working across disciplines, boundaries, and areas 
of expertise. This is about building an ethical decision for the 
long term, over time. Think. Think, “What is the right thing 
to do?” Think again. Then begin. 

Following a step-by-step (written) decision-making pro- 
cess together with thoughtful preplanning, there is greater 
likelihood for making successful decisions that lead to action. 
Therefore, before starting a decision-making process, 


¢ Think long and hard about the problem. 

* Focus on what is important to you and the marine 
mammals in your care. 

* Understand the historic and current perspectives. 


Ethics and Animal Welfare 67 


* Determine how cultural, social, political, and eco- 
nomic aspects play into the problem. 

* Look for trends. 

* Do not rush to solution. 


Ten-Step Roadmap for Complex 
Decision-Making 


During the decision-making process, it is important to stay 
neutral, listen with respect to all parties, and not become 
defensive or reactive, even if goaded. Above all, remem- 
ber that escalating a heated situation is counterproductive. 
Likewise, instead of rejecting alternative views, seek to net- 
work and build bridges by using the power of awareness to 
bring people together in shared problem solving (Ury 1993). 
Thus, here are ten steps you may wish to follow for consis- 
tent, ethical decision-making (adapted from Heath and Heath 
2013; Corey, Corey, and Haynes 2015; Josephson Institute 
2016): 


1. Enlist everyone—tdentify the players (and leaders) 
who have a stake in the decision. Get as many per- 
spectives from as many different people as you can. 
Make sure everyone is heard. Listen carefully and 
respectfully. Ask clarifying questions. 

2. Discover shared hopes and interests—Share your 
hopes and dreams. Common interests are shared val- 
ues. Listen to everyone’s stories. 

3. Uncover the real issues—Try to identify all aspects of 
the problem. Stay flexible. There may not always be 
solutions, only trade-offs or compromise. Be open. 
Do not take shortcuts. Assess the full range of threats 
and problems. 

4. Identify options and alternatives—Without judgment, 
write down everyone’s ideas on how to solve the 
problem. Once written down, discuss each option’s 
pros and cons. Honor what other people say, gather 
adequate information, and help build trust among 
participants. 

5. Gather the right information—With a specific mis- 
sion in mind, identify goals, objectives, and actions 
to be successful. Be prepared. 

6. Get everything on the table—Identify concerns, sus- 
picions, fears, needs, desires. Build trust step by step. 
Be willing to share information. Build your network 
by giving, not taking. 

7. Write down the choices—Take time. Reflect on the 
issue at hand. Know the history and culture of the 
issue. Write down choices at each step, creating a 
record for others to examine and for later use. 

8. Map the solutions—Develop a plan by mapping out 
potential solutions from each of the choices available. 
This helps ensure consistency and repeatability over 
time. 


9. Look ahead with alternatives—Use your list of 
choices and map of solutions to come up with alter- 
natives and backup plans as you move forward. This 
will also help with measuring successes and follow- 
ing up on progress at a later time. 

10. Stay charged up—There is no substitute for enthusi- 
asm. Enthusiasm fuels the effort and motivates those 
involved. 


However, what happens when, despite using the best 
decision-making process in the time and with scientific data 
available, you come to the end of a decision-making process 
and still cannot make a decision? First, deliberate a bit longer 
and collect a little more data. Then if you still are unable to 
decide, try turning your consciousness over to intuition (Hall 
2002; Olson 2009). What is intuition? Until recently, intuition— 
“knowledge from within” or “what we know without knowing 
how we learned it” (Plessner, Betsch, and Betsch 2008)—was 
something scientists kept at arms’ length. Intuitive thinking in 
ethical decision making is hard to articulate and not based on 
deliberate thinking. Intuition gets better with practice; studies 
have also shown that the person with more experience is able 
to more easily pick out trends and patterns seen over time and 
in other situations (Holmberg et al. 2015). Intuitive decisions, 
when right, can boost self-confidence and self-esteem. In 
making decisions, integrate rational thinking (facts, literature 
reviews) with experience (expertise) and intuition (instinctive 
feelings; Jordan, Whitfield, and Zeigle-Hill 2007). 


Postdecision Resolution 


How do you feel about the decision you are about to 
announce? Is it rational, neutral, unbiased, nonemotional, 
and acceptable? The purpose of decision making is to elicit 
action. In a complex, uncertain world, we have an ethi- 
cal obligation to provide decisions that elicit action. “Ideas 
and cultures and societies may change, but what is mor- 
ally right and wrong surely remains the same” (Malik 2014). 
Remember this in working out solutions related to the ani- 
mals in your care. 


Animal Well-Being 


As we noted previously, developing personal morals regarding 
animal well-being is paramount for all professionals working 
with marine mammals. As with ethical dilemmas, personal 
morals governing our standards or code of action will vary, 
even among marine mammal professionals. The challenge is 
to consciously move beyond what we think because of our 
training and early experiences to using practical wisdom and 
intellect to choose to do the best thing. The “best” thing may 
correspond to what we have always been doing, or it may 
differ. The key is that our thoughts and actions are governed 
by active examination and decision making. 
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For a large part of the world, societal views of marine mam- 
mals have changed dramatically over the last century. Although 
still hunted in some countries (Robards and Reeves 201D, ceta- 
ceans, marine mustelids, pinnipeds, polar bears, and sirenians 
in many countries have moved from being hunted “consum- 
ables” to major attractions at zoos and aquariums, and, most 
recently, to revered animals that some classify as unsuitable for 
captivity (Brown 1999). For example, calling cetaceans “nonhu- 
man persons,” India’s central zoo authority passed a policy in 
2013 banning the establishment of dolphinaria, including the 
importation, capture, and exhibition of cetaceans for private or 
public exhibition or interaction purposes (India 2013). 

Are there scientific data to support cetaceans (and not, 
say, walruses or sea otters) being considered “nonhuman per- 
sons”? Society has invested much time and effort in discussing 
the welfare of a relatively small number of individual marine 
mammals in captivity by debating the meaning of their well- 
being and conceptions of happiness. Yet, in reality, society 
is—we humans are—affecting and exponentially deplet- 
ing more animals in the wild than ever resided in captivity, 
through impacts such as prey depletion, man-made toxins 
(see Chapter 2), increased underwater noise, fishing gear 
entanglement (see Chapter 3), and fisheries’ bycatch. 

Do we, as professionals dedicated to marine mammal 
health, hope our work educates the public enough to alter the 
course of these impacts to animals in the wild? Do our ethics 
demand that we take a more active and expansive role and 
work at the population and ecosystem level to conserve marine 
mammal species? As we consciously develop our personal 
morals regarding marine mammal well-being, answers to these 
questions have large implications for the standards we set for 
the use of marine mammals in research, how we deal with 
stranded animals, and how, or even whether or not, we keep 
marine mammals in captivity for education and recreation. 

Animal welfare is the sum product or integration of posi- 
tive and negative external and internal influences that combine 
to create an animal’s combined physical and mental state, or 
simply, its state of well-being. In 1993, the UK Farm Animal 
Welfare Council published “The Five Freedoms” as a format for 
considering what we need to do to meet animal welfare needs. 


These freedoms briefly are freedom (1) from hunger and thirst; 
(2) from physical discomfort; (3) from pain, injury, and disease; 
(4) to express most normal patterns of behavior; and (5) from 
fear and distress. However, “The Five Freedoms” have been 
criticized for being anthropocentric and not objective enough 
(Korte, Olivier, and Kookhaas 2007). Alternatively, Korte 
and others (2007) suggested that allostasis (stability through 
change), rather than homeostasis (constant equilibrium under 
change), be the model for physiologic regulation, and be used 
as a quantitative mechanism for evaluating animal welfare. The 
authors stated, “Not constancy (homeostasis) or freedoms, but 
capacity to change is crucial to good health and good animal 
welfare. Following this line of reasoning, good animal welfare 
is characterized by a broad predictive physiological and behav- 
ioral capacity to anticipate environmental challenges. Thus, 
good animal welfare is guaranteed when the regulatory range 
of allostatic mechanisms matches the environmental demands” 
(Korte, Olivier, and Kookhaas 2007). 

Another format for considering marine mammal welfare 
is the extended “Five Domains” model put forth by Mellor and 
Beausoleil (2015). This construct outlines four physical and 
functional domains (nutrition, environment, physical health, 
and behavior), which collectively influence the fifth, the ani- 
mal’s mental domain. The proposed adapted, or extended, 
model permits recognition and grading of both positive and 
negative aspects of animal welfare states and recognizes 
their potential interactions. It is designed to help understand 
potential interactions between negative and positive welfare- 
related effects, while working to not only minimize negative 
states, but also promote positive ones (see Chapter 31). 

We need to address animal welfare and well-being in 
every aspect of marine mammal medicine: including how 
we treat and relate to these animals under managed care in 
captivity; how we use captive and free-ranging animals for 
recreation; and how we care for marine mammals in research 
and in stranding response and rehabilitation situations. What 
we learn from one aspect ultimately drives and affects our 
actions in other areas, and therefore, all four categories are 
intimately interrelated and interconnected and need to be 
considered in context with each other (Table 5.2). 


Table 5.2 Pros and Cons Related to Various Aspects of Marine Mammal Medicine and Ethical Conflicts 


Captive Display 


Pros: e Animals have clean water and food, adequate shelter, safety from predators, behavioral enrichment, regular physical exams, 


and daily observations related to health and well-being. 


e Husbandry and medical protocols developed in captive managed care are applicable to working with free-ranging individuals 


and populations for conservation. 


¢ Medical research originating from working with captive marine mammals is applicable for stranding response and rehabilitation. 
¢ Professional animal care and veterinary professionals train on a daily basis perfecting skills, protocols, and diagnostics. 
¢ Trained medical personnel working with marine mammal health on a daily basis are prepared to respond to marine mammal 


strandings and assist in field research. 


¢ Trained professionals provide for the long-term care of stranded marine mammals that are not releasable. 
¢ Provides research opportunities to acquire conservation-related information that is difficult, if not impossible, to acquire from 


free-ranging animals. 


(Continued) 
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Table 5.2 (Continued) Pros and Cons Related to Various Aspects of Marine Mammal Medicine and Ethical Conflicts 


Cons: 


Pros: 


Cons: 


Pros: 


Cons: 


Pros: 


Cons: 


Provides educational awareness and support that contributes to conserving marine mammal populations in the wild. 
Provides people with close encounters with marine mammals. 

Through these encounters, public awareness, education, and enjoyment of marine mammals are put front and center, often 
being the only encounter some members of the public will ever have with these animals. 

Some people believe no wild animal should be kept captive under any circumstance. 

Species-specific questions still need to be investigated and answered regarding the welfare and psychological well-being of 
captive marine mammals. 

Space available is usually less than typical home ranges in the wild. 

Depths of pools are rarely as deep as the depths to which animals dive in the wild. 

Social groupings are often different from natural groupings in the wild. 

We need to conduct research that answers the question ‘Are they thriving or coping?” 

Potential occupational and public health risks to caregivers and those in interactive programs exist (see Chapter 4). 
Economic costs to maintaining marine mammals in captivity could be spent elsewhere. 


Interactive Recreation 


Offers enjoyable, satisfying, and memorable interactive experiences. 

Provides unique opportunities for conservation education. 

Captive controlled “swim-with” programs enrich animals and people alike. 

Some wild captures still occur to stock animals. 

Conservation and education messages may not be lasting over time. 

Potential negative conservation impacts may affect wild marine mammals participating in “swim-with” programs. 

Potential physical or zoonotic disease risk exists for human participants and animals alike (see Chapter 4). 

Standard occupational risks remain for caregivers in captive “swim-with” programs or dive masters in the wild “swim-with” programs. 


Research 


Provides data that enable increased understanding and conservation of free-ranging marine mammals. 

Offers novel approaches and methodologies for understanding and treating marine mammals in the wild and in captivity. 
Leads to benefits in evaluating and monitoring marine mammal health and well-being in the wild and in captivity over time. 
Can be applied to other marine mammal species and populations in the wild and in captivity. 

Produces information that, if adequately translated and transmitted, will further educate the public about marine mammal 
natural history and anthropogenic impacts on their health and well-being. 

Requires researchers to have familiarity with marine mammals to minimize impacts on animals, which often comes from 
working with captive marine mammals. 

Occupational health and public health risks for researchers (see Chapter 4). 

Potential negative impacts to research subjects, physically and behaviorally, some of which could alter interpretation of 
scientific results. 


Stranding Response and Rehabilitation 


Improves the welfare of individuals or groups of disabled animals. 

Returns individuals to wild populations. 

Medical data originating from working with stranded marine mammals are applicable to animals in the wild and in captivity. 
Animal care and husbandry professionals train on a daily basis perfecting skills, protocols, and diagnostics. 

Increases the general public’s awareness of and support for conservation of threatened and endangered marine mammals 
conservation. 

Provides opportunity for collecting and publishing data to advance our understanding of wild populations (including the 
conservation of threatened or endangered species), as well as for understanding diseases and toxins that can impact human 
or domestic animal health. 

Requires responders to have familiarity with marine mammal diagnosis and treatment to maximize individual animal benefits 
to response, which often comes from experience working with captive marine mammals. 

Rescuing and rehabilitating individual animals is expensive and only saves single or small groups of animals, and may not 
necessarily help conserve populations in the wild, except in the case of threatened or endangered species. 

Rescuing sick animals may upset the life and death balance of survival in the wild. 

Nonreleasable stranded marine mammals require lifelong captivity and managed care in high-quality facilities. 

Occupational health risks for stranding responders and animal caregivers exist (see Chapter 4). 

Release of animals housed and treated in rehabilitation facilities provides potential infectious disease and genetic risk to 
free-ranging animals (and sympatric species in the case of infectious disease), and has the potential to transmit antibiotic 
resistance into free-ranging populations. 
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Captive Display 


Some marine mammals are maintained in facilities that do 
not constrain them completely; furthermore, the term “cap- 
tive” has adverse connotations for some people. Thus, the 
term “captive” is sometimes avoided, and the phrase “under 
human care” “or under managed care” is used to refer to ani- 
mals maintained in facilities and cared for by humans. 

Semantics aside, laws exist worldwide that govern the 
care, display, and conservation of marine mammals. In the 
United States, for example, four federal agencies, three fed- 
eral laws/acts, and numerous regulations govern human 
interactions with captive and free-ranging marine mammals 
(Driscoll 1999; Kohn 1999). Of these, the Animal Welfare Act 
sets basic standards for the humane care and treatment of 
marine mammals in exhibition or research. Accrediting agen- 
cies such as the World Association of Zoos and Aquariums, 
the Association of Zoos and Aquariums, and the Alliance of 
Marine Mammal Parks and Aquariums also provide standards 
for marine mammal care, many of which are more stringent 
than those in the Animal Welfare Act. While it is critical to 
have and adhere to such standards, we have not yet scien- 
tifically addressed if these guidelines and regulations ensure 
acceptable levels of marine mammal welfare and well-being. 
To put it on a more basic level, we have not quantitatively 
answered the question, “Are captive marine mammals just 
coping, or are they thriving?” 

Whether correct or not, the general public seems to be 
most concerned about the welfare of cetaceans in captivity. 
While the real value in applying comparative techniques to 
welfare issues has yet to be determined, it is clear that some 
marine mammal species fare better in captivity than others 
(Mason 2010). For example, Mason (2010) has suggested that 
bottlenose dolphins (Wursiops truncatus) fare well in captiv- 
ity, whereas walrus (Odobenus rosmarus) do not. At times, 
however, this can be incongruous with public opinion and 
therefore, where possible, deserves to be scientifically evalu- 
ated on a species-by-species basis. 

Regardless of one’s personal morals regarding keeping 
marine mammals in captivity, or what euphemism to use, 
from a marine mammal medicine perspective, there are ben- 
efits in keeping captive marine mammals that go beyond the 
individual animals housed in zoos and aquariums. Trained 
medical personnel have daily experiences diagnosing and 
treating disease and providing anesthesia and surgery for cap- 
tive marine mammals. These trained professionals are bet- 
ter prepared to provide that same expert level of care than 
are less experienced providers when responding to marine 
mammal strandings and assisting biologists in field research. 
Furthermore, medical research findings originating from cap- 
tive marine mammal medicine are often applicable for strand- 
ing response, or for providing medicine, anesthesia, and 
surgery in conservation-focused management of free-ranging 
marine mammals. If a stranded marine mammal is deemed 
nonreleasable, captive facilities provide a place for these 


marine mammals to live out their lives. As the section below 
discusses, from a public perspective, captive marine mam- 
mals permit people to have a closer encounter with marine 
mammals than would be possible in the wild, and without 
any impact on the wild populations. 


Interactive Recreation 


Passion for marine mammals has led the public to seek more 
interactive experiences than are available by mere observation 
of marine mammals. These increasingly popular experiences 
include controlled and noncontrolled “swim-with” captive ani- 
mal programs, organized “swim-with” encounters with wild 
animals (e.g., dolphins, porpoises, humpback whales, mana- 
tees, pinnipeds), and unregulated encounters with groups or 
individual free-ranging animals (Wiener 2013). These interac- 
tive experiences are designed to be enjoyable opportunities 
for people to have special time with captive or wild animals. 
More importantly, the operators of these programs hope par- 
ticipants leave the experience carrying strong conservation 
messages and memorable experiences they can share widely 
with others (Curtin 2006). 

In studying one captive “swim-with” program, Trone, 
Kuczaj, and Solangi (2005) noted the program had no negative 
impact on the dolphins; in actuality, where the dolphins par- 
ticipated voluntarily in the supervised interactive program, the 
researchers observed increased dolphin play postinteractions. In 
addition to affecting an animal’s behavior, human and dolphin 
health risks are a concern for these human-interaction programs. 
Samuels and Spradlin (1995) found that risk to dolphins from 
humans, and vice versa, is greater in “noncontrolled” programs 
yet can be mitigated by the use of experienced trainers (con- 
trolled” programs). However, aside from potential for disease, 
one study noted the conservation message that “swim-with” pro- 
grams provide experiential users may not be as lasting as origi- 
nally thought (Curtin and Wilkes 2007). Additionally, in some 
countries, it is unclear if wild marine mammal captures occur in 
order to stock animals for captive “swim-with” programs. If 
programs are capturing animals from the wild, the Convention 
on International Trade in Endangered Species (CITES), as 
well as some individual country laws apply and require that 
population-level impacts be evaluated and reported relative to 
such removals. We need more science on these interactive pro- 
grams to document and ensure marine mammal well-being. 

There are also “swim-with” programs where the public 
swims (including snorkeling or scuba diving) with the ani- 
mals in the wild. Although this perhaps removes the stigma 
of using captive animals by instead providing a “wild” experi- 
ence, it is not necessarily without negative effects to the ani- 
mals. Data on behavior or population-level impacts may be 
available in some cases; however, the impacts these programs 
have on individual animal welfare or well-being are less stud- 
ied. At this time, however, we can only surmise that if nega- 
tive population-level impacts occur, impacts to individual 
animal well-being will happen before population-level effects 
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are detected. For example, a study examining the impact of 
“swim-with” programs on a population of wild Burrunan 
dolphins (ursiops australis) in Port Phillip Bay, Victoria, 
Australia, demonstrated an increase in avoidance behavior 
and a decrease in sightability of wild animals over a 15-year 
period, suggesting potential population-level impacts on this 
threatened population following behavioral shifts. It also 
illustrates how potential long-term impacts could be missed 
by short-term studies (Filby, Stockin, and Scarpaci 2014). 

As with captive display, there are mechanisms to scientifi- 
cally determine the impact of such activities on individual animal 
well-being, as well as to determine the population-level impacts 
of both captive and wild “swim-with” programs (see Chapters 
34-39). Also, similar to captive display, the observed effects 
of interactive recreational programs are likely to vary accord- 
ing to design, species, location, and methods used. For exam- 
ple, in studying the impact of “swim-with” programs with wild 
endemic and endangered South Island (New Zealand) Hector’s 
dolphin (Cephalorhynchus hectori hectori), Martinez and oth- 
ers (2011) showed that successful swim encounters occurred in 
nearly 90% of attempts, suggesting these animals were highly 
receptive to contact with swimmers when compared to other 
studies on common dolphins Welpbinus delphis) and dusky 
dolphins agenorhynchus obscurus). They also showed that 
swimmer placement affected dolphin response to swimmers, 
including interaction and duration of interaction. Dolphins were 
more likely to interact and interact longer with people placed 
in-line (beside) with the animals as compared to swimmers 
placed directly in the path of traveling dolphins. 

In some instances, the observed effects on individual ani- 
mals and small groups from “swim-with” programs appear 
to be minimal or can be mitigated strategically. For example, 
when examining the impact of “swim-with” programs on wild 
spinner dolphins (Stenella longirostris) in several Hawaiian 
bays, Courbis and Timmel (2009) demonstrated reduced rest in 
association with “swim-with” programs (e.g., increased aerial 
behaviors during normal midday rest), although, in this study 
dolphin behaviors could not be directly linked to increases 
in vessel or swimmer traffic, nor could the actual population- 
level impact on the animals studied be determined. However, 
because recent research demonstrates spinner dolphins are 
unlikely to rest outside of sheltered bays, this has led to man- 
agement efforts to minimize human activities in spinner dol- 
phin resting areas (Tyne et al. 2015). Likewise, a study of the 
“swim-with” wild humpback whale (legaptera novaeangliae) 
program in Tonga showed that by modulating diver behavior 
in this highly lucrative activity (contributing 15% of Tongan for- 
eign income in 2006), the impact on individuals and groups, 
as well as breeding success of this endangered subpopulation, 
could be minimized (Kessler, Harcourt, and Heller 2013). 


Research 


Animal welfare relates to the well-being of individual ani- 
mals, while conservation relates to the well-being of an entire 


species. There can be potential conflicts between these, espe- 
cially with regard to research performed on marine mammals. 
Animal welfare is beginning to get the attention it deserves 
in the marine mammal research community. With the under- 
standing that scientists conducting marine mammal research 
originate from many countries with a diverse mix of moti- 
vations, ethics, and legal oversight, Gales and others (2007) 
produced a set of animal welfare guidelines for the Society 
of Marine Mammalogy to help define animal welfare values 
supported by the society. 

Balancing differing levels of uncertainty and the need to 
have statistical power necessary to interpret research results 
with welfare concerns and the use of species that might be 
in legally protected status is challenging at best, and entails 
minimizing the number of animals affected. Gales and others 
(2007) recommended using pilot studies to address uncer- 
tainty, and choosing techniques that minimize potential 
impacts to animals, while still delivering data sufficient to 
satisfy the aims of the research. They also recommended that 
researchers use personnel with sufficient experience to mini- 
mize impact to the animals. For many people who have ethical 
concerns about keeping marine mammals (or at least ceta- 
ceans) in captivity, this begs the question of where you find 
people who have day-to-day experience with marine mam- 
mal medicine. These are the professionals working daily on 
marine mammals in captivity or who are at least working on a 
steady stream of marine mammals being temporarily treated 
and housed, such as in a short-term rehabilitation setting. 
Gales et al. (2007) also recommend researchers keep current 
with the most recent meetings, publications, and available 
research techniques to minimize harm and maximize animal 
well-being. While some novel restraint, sedation, anesthesia, 
and diagnostic tools have been developed in field research 
settings and with temporarily housed stranded animals, many 
tools are first developed and validated using captive animals. 
This connection between marine mammal field research and 
protocols developed with and conducted on captive animals 
demonstrates the close connections among care for captive 
marine mammals, marine mammal medicine, field research, 
and response to stranding or entanglement situations (see 
Chapters 1 and 3). 


Stranding Response and Rehabilitation 


In many parts of the world, marine mammal stranding 
response and rehabilitation originated out of a concern for the 
well-being of individual animals. From that, numerous other 
reasons are now given for marine mammal stranding and reha- 
bilitation response (Moore et al. 2007), including the following: 
(1) mitigation of human/animal beach use conflict; (2) marine 
mammal research; (3) conservation of rare or endangered spe- 
cies; (4) postrelease tracking to elucidate poorly understood 
wild population ranges or to monitor postrelease survival and 
behavior; and (5) opportunities to educate the public about 
marine ecosystem health and marine mammal conservation. 
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This complex suite of reasons are not mutually inclusive 
or exclusive, and can even be in conflict at times, depending 
on a person’s perspective, ethics and values. Interestingly, 
reasons for responding to strandings vary dramatically 
according to country and region and demographic variables 
of those involved, including income, age, education level, 
gender, religion, and race (Moore et al. 2007). For exam- 
ple, while rehabilitation of stranded mammals improves the 
well-being of individual animals, those same animals, when 
released, could transmit infectious disease or maintain “bad” 
genes in free-ranging animals. In other cases, rehabilita- 
tion of nonreleasable marine mammals requires them to be 
housed for life in captivity, a challenging solution for people 
who ethically oppose the maintenance of captive marine 
mammals yet at the same time support response to improve 
the welfare of stranded animals. Additionally, many feeding 
protocols, disease diagnostics, and medical treatments used 
by stranding responders and rehabilitators were first devel- 
oped and used with captive marine mammals to enhance 
their well-being. 


Looking Forward 


Animal welfare science helps shape not only the guidelines 
and policies related to marine mammal welfare, but also our 
personal ethics. Unfortunately, science is not keeping pace 
with our desire to make ethical animal welfare decisions. 
Quantitatively, we need to be able to evaluate both short- 
term stress-related indices (catecholamine and _ corticoste- 
roid release, respiratory and cardiac rates) and longer-term 
sequelae of stress (reproductive success, longevity, and over- 
all immune status) to determine the impacts of our actions 
(see Chapter 9). Potential stresses can range from keeping 
animals in captivity to placing humans in the water with them 
in free-range situations. We urgently need more data quanti- 
fying the effects of our actions on marine mammal health and 
well-being. This includes effects of our actions on individual 
animals, as well as impacts of factors such as prey deple- 
tion, toxins, increased underwater noise, fishing gear entan- 
glement, and fisheries’ bycatch that endanger the long-term 
well-being of entire populations of marine mammals and the 
habitats in which they live. Efforts to study and understand 
the lives of marine mammals engender public support for 
their protection and conservation. These efforts also cata- 
lyze the general public’s desire to know what impacts ani- 
mal captivity, human recreation, handling for research, and 
stranding response and rehabilitation have on these animals. 
Incomplete disclosure, especially in cases when we think 
the results will be less than palatable, causes people to cre- 
ate opinions without data, come to inappropriate or nega- 
tive conclusions and decisions, or fuels conspiracy theories 
in people who are not being presented with all the facts. We 
owe it to the public to conduct statistically significant and 


welfare-relevant studies, disclose information on both posi- 
tive and negative findings, and explain decisions regarding 
marine mammal welfare in captivity, in recreational settings, 
during research, and in stranding response and marine mam- 
mal rehabilitation settings. 


Media and Communication Tips: 
Translating Your Science 


It used to be you were “done” when your research was com- 
pleted, your scientific manuscript was published, or your 
decisions were made. Today, your work is not done until the 
public understands the implications of your findings. Indeed, 
“The public has very little tolerance for unethical behavior... 
for actions that do more harm than good” (Jones 2014; Box 
5.3). What is the best way to take your science results, your 
decisions, and your passions, and present them to the media 
and the public (Box 5.4)? How do you survive a swirling, 
political tornado (Box 5.5)? What will make a difference for 
people or for animals? 

As a marine mammal medical professional, you may also 
be called upon to present testimony in a court of law or 
before a legislative or decision-making body regarding your 
results and conclusions (Box 5.6). This situation is a varia- 
tion on the theme of speaking with the media or the public 
about your decision, in that you need to be fully prepared 
and know who your audience is (to the best of your ability). 
You will be asked to present evidence prior to or at the time 
of your appearance. Formal testimony, whether given before 
a judge, jury, or legislative body, is often written and verbal, 
laying out your decision(s) and the process(es) you used to 
reach your conclusions. The process before, during, and after 
giving testimony is similar to that with the media, the pri- 
mary difference being that your presentation will often be a 
more formal affair, where you read evidence from a record or 
report. Using the steps you created in your ethical decision- 
making process, you will have already written down your 
choices and mapped your solutions. 

Communication, awareness, practice, science transla- 
tion...you will need all these to relay your results, decisions, 
and science stories (Box 5.7). Think about your favored 
approaches to learning. Are they oral, visual, aural, kines- 
thetic? Images and patterns of light, sound, color, and move- 
ment play key roles in learning and making memories matter. 
As translators of science, we are challenged to simplify com- 
plicated details, taking complex results and decisions and 
conveying something understandable and memorable, with- 
out losing the thread of science. Provide stories and shared 
experiences, not just delivery of facts and figures. And 
remember, in all your communications, whether interviews, 
websites, blogs, brochures, reports, or manuscripts, be con- 
sistent, and be prepared. 
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BOX 5.3 THE CHARLES BAKALY CASE 


In 2008, during a week of training on ethical decision 
making, the pinnacle was a day spent with Charles G. 
Bakaly III, former spokesman for Whitewater Indepen- 
dent Counsel Kenneth Starr. Bakaly, a practicing attor- 
ney, first made his mark in Washington, DC, in the 
mid-1980s, arranging White House media events for 
then-president Reagan; by 1999, Bakaly had become 
Kenneth Starr's chief media specialist. In the late 1990s, 
Starr conducted an unrelenting investigation of then- 
president Bill Clinton in an attempt to impeach him. As 
independent counsel, Starr had concluded his office had 
constitutional authority to seek a criminal indictment 
against Clinton while the president was still in office. 
Motivated by loyalty to Starr and his mission, Bakaly 
was accused of lying to a judge about “leaked” infor- 
mation incriminating Clinton. Bakaly abruptly resigned 
his job with Starr’s office after the US Department of 
Justice began an inquiry into improper disclosure from 
the Office of the Independent Counsel (see O’Sullivan 
2001). Bakaly told us (and I quote), “This ‘day of ethical 
disclosure’ still weighs heavily in my memory. Talk to 
other people instead of just taking your own counsel; if 
you view yourself as having a ‘higher duty, make sure it 
does not cloud your personal judgment; prepare two to 
three consistent messages and stick to them; and finally, 
don’t be afraid to say ‘I don’t have an answer for that at 
this time. I’d like to have the opportunity to get back to 
you on that.” 

There are three ethical messages from Bakaly’s 
story (the quotes are his): 


1. “Just because you think you’re smarter, brighter, or 
more innovative...does NOT mean you can lie, 
cheat, or steal at any level!” 

2. Have a profound respect for the truth, and cer- 
tainly “never underestimate the fact that the 
truth will come out.” 

3. “Never overestimate your own ability to manage 
the situation.” 


“Simple ethics” and ethical decision making 
involve staying ever vigilant to truth, honesty, and fair- 
ness. Be sure to take time to think deeply— What lines 
will you not cross to be successful? Make this the per- 
sonal and continual credo by which you live. Charles 
Bakaly said, “I found myself in the eye of a storm, a 
perfect storm, which was beyond the control of any- 
one, including Charles Bakaly.” He admitted he let 
his ego, his hubris, and his bias pushed him over the 
ethical line. 


Leslie A. Dierauf 


BOX 5.4 BEFORE, DURING, AND 
AFTER MEDIA INTERVIEWS 


Before your media interview: 

¢ Prepare three written main messages that are 
clear, interesting, compelling, and actionable. 

* Practice what you plan to say. 

* Know 360 degrees of the issue. 

¢ Have answers to questions, such as the follow- 
ing: Is your decision working? Why or why not? 

¢ How are collaborators, stakeholders, and 
others responding to the decision? Is any- 
thing missing? What are the consequences 
of the decision? Is any being (person or 
animal) harmed by the decision? How can 
you make it better? How will you measure 
success? 

¢ Think of the rudest or crudest questions you 
might be asked and have answers to them. 

During the interview: 

¢ Be open and honest; be your authentic self. 

* Know your audience. The interviewer is not 
your audience, the listeners/readers are. 

¢ Present your main messages/points. Tell sto- 
ries or anecdotes to illustrate your points. 

° Keep a positive tone. Even if you have bad 
news, that’s OK, as long as you report it and 
have some ideas on how to fix it! 

* Give credit and recognition to those who 
helped with the decision. 

¢ Be devoid of bias, blame, hubris, and ego. 

After the interview: 

* Remember anything you say or write, before, 
during, or after an interview (including phone 
calls, emails, texts, tweets), can be quoted in 
the media. 

¢ If you don’t want to read it on the front page 
of your local newspaper or hear it on national 
radio, don’t say it or write it! 

° If you don’t know the answer to a question, say, 
“T don't know” and then add Gf you wish), “I'd 
be happy to follow up on that and provide you 
with an answer” or “I’m not certain what the 
answer to your question is; at this time, I can tell 
you that...@and say something you do know).” 

¢ Your job is to share what you know, not to 
answer “what if” or speculative questions. 

¢ Tell them why your decision or results mat- 
ter. Make marine mammal medicine, health, 
and well-being matter! 

(Adapted from Phillips, B., The Media Framing Bible: 101 Things 


You Absolutely, Positively Need to Know Before Your Next Interview, 
Washington, DC: SpeakGood Press, 2013.) 
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BOX 5.5 THE SEVEN DEADLY SINS 
IN ETHICAL COMMUNICATION 


1. Blame Blame is the poor cousin of 
responsibility; do not blame anyone else. 


2. Fear of failure Are you afraid of succeeding? 


3. Perfection Medicine, biology, and conservation are 
all imperfect sciences. 


4. Hubris Do not let an excess amount of pride or 
confidence cloud good actions. 


5. Bias Be transparent; know your biases; know 
360 degrees of the issue. 


6. Ridicule Sarcasm surfaces when one 
encounters something new or different. 


7. Singularity The more singular focus you have, the 
less flexible you will be. 

(Adapted from Paul, R. and L. Elder, The Miniature Guide to 
Understanding the Foundations of Ethical Reasoning, United States: 
Foundation for Critical Thinking Free Press, http://www. criticalthinking 
.org/files/SAM-EthicalReasoning2005.pdf, 2006. Heath, C., and D. Heath, 
How to Make Better Choices in Life and Work, New York, NY: Crown 
Business, 2013.) 


BOX 5.6 PREPARING FOR TESTIMONY 
AS A WITNESS BEFORE A JUDGE, 
JURY, OR LEGISLATIVE BODY 


1. Be as prepared as possible before you testify— 
know the topic, why you were asked to pres- 
ent, and what information you are expected to 
provide. 

2. Act respectful and professional. Wear business 
attire, since it supports your professional status 
and shows respect for those in attendance. 

3. Bring relevant data (necropsy reports, case files, 
publications). If asked to recall what you found in 
a specific case, ask permission to read from the 
report (which will be admitted into evidence). 

4, Listen carefully to questions you are asked. 
If you do not understand, request a repeat/ 
rephrase of the question. 

5. Speak clearly and confidently. 

6. Stick to what you know; do not speculate. If 
you do not know an answer, admit you do not 
know. If you make a mistake, correct it. 

7. Do not be disappointed if only a small number 
of people are in attendance, particularly before 
a legislative committee. Staff are always present 
and will keep their members informed of your 
testimony. 


BOX 5.7 EXERCISES TO PREPARE FOR 
COMMUNICATING WITH THE MEDIA/PUBLIC 


1. Write three main messages (each should be a 
one-sentence statement that incorporates the 
most important points in your decision and is 
also key to your audience’s values or needs). 

2. End each message with a “call to action,” some- 
thing you hope your audience/the public will 
do after hearing your decision. 

3. In developing your main messages, be provoca- 
tive or ask questions that grab the audience’s 
attention. 

4. For each main message, write two pertinent 
stories, two statistics, and two sound bites. 

5. Brainstorm with friends, colleagues, and col- 
laborators on the five worst things or combi- 
nation of things that could occur during or 
following an interview, and write down how 
to handle them. 

6. Take your messages, your stories, your facts, 
and your sound bytes, and practice (out loud, 
to colleagues, and to family, or have them read 
your messages back to you). 

(Adapted from Phillips, B., The Media Framing Bible: 101 Things 


You Absolutely, Positively Need to Know Before Your Next Interview, 
Washington, DC: SpeakGood Press, 2013.) 


Conclusions 


The health, care, rehabilitation, and well-being of marine 
mammals are in our collective hands. In these fast-moving 
times when anything you say or do can be YouTubed, vid- 
eoed, texted, blogged, tweeted or Snapchatted, we all need 
to be acting purposefully, doing the “right and best” things 
for the animals in our care, and being ready for ethical chal- 
lenges in the seas ahead. 

Rise up, discover who you are, continually learn, take 
your curiosity and expertise to new levels. Know your 
strengths and use them to benefit the lives of the people 
and animals you work with. Believe in the good of others. 
Charge optimistically into the future. Find your passions and 
make them grow. Be confident in your can-do attitude. Enjoy 
what you do. Love what you do. Balance your compassion 
for animals with making ethical choices that get the job done 
in the best way(s) possible to benefit the greatest good. Let 
friends, colleagues, the media, and the public know about 
your decisions. Tell them about the science or data you used 
to make your decisions, and what you took into consideration 
when making your decisions or developing your standards. 
Remember that ethics can be well-founded standards of right 


Ethics and Animal Welfare 75 


and wrong and widely accepted by society, but ethics are 
also personal standards that do not always conform to social 
norms or laws, requiring us to continually examine what we 
think, how we act, and why. 

Whether you make decisions about marine mammal 
well-being with your head, with your heart, or by follow- 
ing rules (Weber et al. 2007), be vision-driven. Bring consen- 
sus points of view into your decision-making process. Share 
your knowledge and the best available science. Translate your 
science in ways that create interest and solutions, and elicit 
actions. 

In the end, as you prepare to make your decision or rec- 
ommendation known publicly, make sure you are aware of 
what values drove your decision, what you do and do not like 
about your decision, and who/what stands to be helped or 
hurt by your decision. 

Take risks to reach new heights. Do not say, “It can’t be 
done.” Rather, say, “This is the best way to accomplish our 
goals” or “This is the best strategy for moving forward.” If 
you stumble or if you fail, learn from it, pick yourself up, 
and move ahead. Do not expect everybody all the time to 
agree with the same ethical standards as you do. Take advan- 
tage of every open door. Make your own luck. Step into the 
unknown and embrace your dreams. Remember, when you 
do something that makes a difference, it is not about you. 
Check your ego at the door. Humility will carry you far in life. 
Personally, if something is successful and benefits the greater 
good, we do not really care who did it, who gets credit for 
it (although we surely will thank you), or who pays for it 
(although we surely will keep our supporters informed and 
thank them, too). 

Build confidence in yourself and your decision-making 
abilities. Practice every chance you get. Listen to yourself, 
listen to the facts, and listen to your instincts. Self-awareness 
and the ability to make informed and ethical decisions are 
crucial to knowing who we are as people and where we 
are going in our lives and our professional careers as marine 
mammal caregivers. Weave ethics into all that you do. 

Make what we do in marine mammal medicine make a 
difference. 
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Introduction 


The so-called dive response is a series of neurally mediated 
physiological adaptations, the primary purpose of which 
is to conserve endogenous oxygen stores when an animal 
is separated from its oxygen supply while diving. The dive 
response has largely been studied in marine mammals, rep- 
tiles (e.g., Gaunt and Gans 1969), and aquatic birds, but the 
response is shared by all mammalian species tested to date 
(e.g., for comparison to dogs and humans, see Elsner et al. 
1966). The response may extend to all terrestrial vertebrates 
to some degree, though its occurrence may not be as intense 
or as abrupt as is observed in marine mammals upon sub- 
mergence. Indeed, Elsner (1970) once characterized the dive 
response of marine mammals as a “well-developed instance 
of a very general asphyxia defense mechanism common to all 
vertebrates from fish to man.” 

The dive response has been described as the most pow- 
erful autonomic reflex known, consisting of bradycardia, a 
reduction in cardiac output, and peripheral vasoconstriction 
with central arterial blood pressure maintenance or increase 
(Panneton 2013). However, components of the dive response 
(e.g., bradycardia) can be manifest in marine mammals with- 
out the act of diving or peripheral receptor stimulation (e.g., 
via startle or fright). As has been argued by Ridgway (1986), 
due to the fact that these physiological changes can be trig- 
gered via stimuli other than diving, and that they have an 
evolutionary history of occurrence well before the secondary 
radiation of mammals back into the sea, the characterization 
as a response or reflex specific to diving may not be wholly 
appropriate. Indeed, Ridgway suggested referring to the dive- 
related triggering of bradycardia and redistribution of blood 
flow in mammals as the Irving—Scholander response, in 
honor of the pioneering dive physiology studies of Irving and 
Scholander (see below). Although Ridgway’s arguments have 
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merit, the term dive response has become quite engrained in 
the terminology of the modern-day marine mammal biologist, 
and it is used in this overview for the sake of commonality. 

Regardless of the descriptive terminology used, the 
dive response is a fundamental collection of physiological 
changes, enabling marine mammals to forage and live in the 
oceans of the world. Marine mammals necessarily separate 
themselves from their supply of oxygen whenever they dive. 
Dive times may range from less than a minute to in excess 
of 100 minutes (e.g., Robinson et al. 2012; Schorr et al. 2014), 
depending upon the species of marine mammal considered 
and the function of the dive. On deep or prolonged dives, 
marine mammals must partition oxygen stores to support 
specific organ and tissue demands and control the rate and 
magnitude of oxygen depletion such that the function of a 
particular dive is accomplished (e.g., transit vs. foraging). 

This chapter reviews what is known about the collec- 
tive dive-related physiological changes in marine mammals, 
commonly referred to as the dive response. It considers the 
magnitude and variability of the physiological changes as a 
function of forced versus willful diving, as well as the vari- 
ability in the response as has been noticed between some 
species. What is known about how these responses relate to 
the management of oxygen stores is only briefly addressed, 
and the reader is referred to an excellent review on oxygen 
store management by Ponganis and colleagues (2011) for a 
more thorough treatment on this subject. 


Bradycardia and Cardiac Output 


Cardiovascular regulation is critical to the management of 
oxygen stores in diving marine mammals and is directly 
related to a marine mammal’s dive capacity. As the heart rate 
and cardiac output are critical drivers of blood flow distri- 
bution, oxygen uptake from the lung, and subsequent oxy- 
gen delivery to tissues, it is no surprise that cardiovascular 
responses to diving have received considerable attention in 
marine mammals. Over seven decades ago, and building 
upon the work of Bert (1870), Scholander 1940) demonstrated 
that forced submersion of various seal species produced an 
immediate, profound, and obligatory bradycardia, as low as 
1/10 or less of surface heart rates. Numerous studies have 
since demonstrated the occurrence of dive bradycardia across 
a broad number of marine mammal species. However, for 
decades following the pioneering works of Irving (1939) and 
Scholander (1940), forced submersion protocols were largely 
used to study the dive response and were primarily applied 
to the pinnipeds. Bradycardia during the forced submersion 
of pinnipeds has been observed (Figure 6.1a) to consistently 
range from <10 to 20 beats per minute (bpm; e.g., Scholander 
1940; Grinnell, Irving, and Scholander 1942; Van Citters et al. 
1965; Elsner et al. 1966; Harrison, Ridgway, and Joyce 1972). 
By comparison, forced dive studies have not been pursued 
in odontocetes, as early attempts showed that dolphins and 
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Figure 6.1 (a) Change in heart rate (bpm) as a result of forced div- 

ing. (Adapted from Grinnell, S. W. et al., Experiments on the relation 
between blood flow and heart rate in the diving seal, Journal of Cell and 
Comparative Physiology 19: 341-346, 1942 [Phoca vitulina’]. Elsner, R., 
Heart rate response in forced versus trained experimental dives in pin- 
nipeds, Hvalradets Skrifter 48: 24-29, 1965 [Phoca vitulina?]. Blix, A. 

S., Diving responses: fact or fiction, News in Physiological Sciences 

2: 64-66, 1987 [Halichoerus grypus].) (b) Change in heart rate as a 
result of trained or voluntary diving. (Adapted from Elsner, R., Heart 

rate response in forced versus trained experimental dives in pinnipeds, 
Hvalradets Skrifter 48: 24-29, 1965 [Phoca vitulina®]. Houser, D. S. 

et al., Investigation of the potential for vascular bubble formation in a 
repetitively diving dolphin, Journal of Experimental Biology 213: 52-62, 
2009 [Tursiops truncatus]. McDonald, B. I., and P. J. Ponganis, 2014, 
Deep-diving sea lions exhibit extreme bradycardia in long-duration dives, 
Journal of Experimental Biology 217 (9): 1525-1534, 2014 [Zalophus cali- 
fornianus].) In both parts, the dashed vertical line at time = 0 is the start 
of the dive. 


porpoises easily asphyxiated during or following forced sub- 
mersion (Irving, Scholander, and Grinnell 1941). 

Stroke volume decreases concomitant with dive brady- 
cardia in phocid seals, as does the cardiac output (Murdaugh 
et al. 1966; Sinnett, Kooyman, and Wahrenbrock 1978; 
Zapol et al. 1979; Blix, Elsner, and Kjekshus 1983; Ponganis 
et al. 1990). For example, in harbor seals (Phoca vitulina), 
the stroke volume while submerged can be nearly half of 
that measured at the surface (Ponganis et al. 1990). In con- 
trast, a single study with a trained otariid, the California sea 
lion (Zalophus californianus), suggested that stroke volume 
remained near constant during simulated diving and that car- 
diac output decreased primarily in proportion to reductions 
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in the heart rate (Elsner, Franklin, and Van Citters 1964). The 
different findings may not be entirely related to species dif- 
ferences, but also the circumstances of the observation (..e., 
forced dive vs. free dive vs. simulated dive). Indeed, harbor 
seals submitted to forced submersion demonstrated cardiac 
outputs of 0.7 mL kgs, which was 26-58% less than that 
observed in harbor seals engaged in submerged swimming 
(Sinnett, Kooyman, and Wahrenbrock 1978; Ponganis et al. 
1990). As will be discussed, the willful control and perfor- 
mance of a dive has a large bearing on the magnitude of 
cardiac adjustment. During forced submersion, when the seal 
has no control over or expectation of the duration of the 
submersion, bradycardia and the reduction in cardiac output 
are likely maximal. 

Bradycardia observed during voluntary diving in pin- 
nipeds can be less pronounced and is more variable than 
in forced submersion experiments; some unrestrained dives 
show bradycardic heart rates not much different than resting 
apneic heart rates, whereas the longest-duration dives pro- 
duced in nature generally produce the most pronounced bra- 
dycardia (Kooyman and Campbell 1972; Jones et al. 1973; Hill 
et al. 1987, Fedak, Pullen, and Kanwisher 1988; Andrews et al. 
1997; Ponganis et al. 1997). Similarly, animals trained for dive 
experiments, ranging from sticking their head into a bucket of 
water to performing dives on command (Figure 6.1b), show 
a reduction in the magnitude of the bradycardia relative to 
that of naive forced dive experiments (Elsner, Franklin, and 
Van Citters 1964; Elsner 1965; Harrison, Ridgway, and Joyce 
1972). Differences in bradycardia between forced diving and 
free or trained diving ultimately relate to the oxygen manage- 
ment strategy of the diving mammal, which the animal has 
control over when diving voluntarily or in trained, but uncon- 
strained, dive scenarios. This includes the anticipated activ- 
ity to be performed during the dive and the dive duration; 
indeed, during brief, voluntary dives, there may be relatively 
little change in the heart rate and blood flow. 

Although diving bradycardia is stimulated by peripheral 
receptors and mediated through trigeminal stimulation, corti- 
cal feedback and control of the heart rate in marine mam- 
mals is evident Ge., anticipation and learning modulate the 
degree of diving bradycardia). For example, the heart rate 
of freely diving pinnipeds and cetaceans begins to increase 
upon ascent from a dive (Kooyman and Campbell 1972; Jones 
et al. 1973; Andrews et al. 1997; Ponganis et al. 1997, Houser 
et al. 2009; Noren et al. 2012; McDonald and Ponganis 2014), 
culminating in a postdive tachycardia that can be more than 
two to three times the lowest heart rate observed during div- 
ing (Kooyman 1968; Andrews et al. 1997; Ponganis et al. 1997; 
Houser et al. 2009). The increase prior to surfacing cannot 
simply be explained as exercise-related, as it has also been 
observed in seals during the pressure release phase of simu- 
lated dives conducted in hyperbaric chambers (Kooyman and 
Campbell 1972). The increase in heart rate prior to or during 
ascent implies anticipation of a return to the surface and prep- 
aration of the body for reoxygenation. In studies involving 


both harbor seals and a bottlenose dolphin (Zursiops trun- 
catus), decreases in heart rate also have been observed just 
prior to submergence (Jones et al. 1973; Houser et al. 2009). 
Although this is not commonly reported, it provides support- 
ing evidence of an anticipatory bradycardia prior to the act 
of submergence. Similarly, harbor porpoises trained to per- 
form dives of 20 and 80 seconds, but at the same depth, 
demonstrate lower heart rates on the 80-second dives shortly 
after submergence (Elmegaard et al. 2016). The porpoises 
were provided cues to the dive length prior to diving, sug- 
gesting they anticipated the dive duration and adjusted their 
heart rate accordingly. Further evidence exists in that star- 
tling or frightening a seal can induce bradycardia, although 
this becomes less effective with repeated stimuli (Scholander 
1940). However, in probably the most remarkable evidence 
of cognitive control of bradycardia, Ridgway and colleagues 
(1975) trained sea lions to reduce their heart rate in response 
to an audible cue. Although the sea lions utilized apnea as 
part of their strategy, the suppression of heart rate to ~10 bpm 
was lower than that observed when sea lions were in normal 
apnea or trained to submerge their heads in water (Elsner, 
Franklin, and Van Citters 1964; Ridgway, Carder, and Clark 
1975). As noted by Kooyman (1975), and observed in these 
studies, one of the most important aspects of the control of 
heart rate in diving marine mammals is the psychological 
control they appear to have over it. 

While diving, the depth of bradycardia and cardiac output 
may also be varied in response to the exercise demands of 
the dive (Ponganis et al. 1990; Williams, Kooyman, and Croll 
1991; Davis and Williams 2012; Noren et al. 2012). However, 
Noren and colleagues (2012) noted that increases in heart rate 
in submerged and swimming bottlenose dolphins were not 
apparent when dolphins swam at relatively low speeds (<1.2 
m.s'). They proposed that under many natural diving con- 
ditions, wherein diving mammals utilize swimming speeds 
within the minimum cost of transport or invoke cost-saving 
behaviors (e.g., gliding), increases in heart rate may not be 
required. In most circumstances, wild marine mammals 
appear to maintain relatively low swim speeds (e.g., Ridoux et 
al. 1997; Lesage, Hammill, and Kovacs 1999; Kawamura 2000; 
Crocker, Gales, and Costa 2001; Hassrick et al. 2007), prob- 
ably to ensure the maintenance of aerobic metabolism (e.g., 
Hindell et al. 2000). However, records from wild marine mam- 
mals demonstrate the ability to achieve high swim speeds and 
to rapidly accelerate to them, the latter putatively for forag- 
ing purposes, although avoidance behaviors also cannot be 
ruled out (Rohr, Fish, and Gilpatrick 2002; Horsburgh et al. 
2008; Soto et al. 2008; Thums, Bradshaw, and Hindell 2008; 
Sakai et al. 2011; DeRuiter et al. 2013). Under these less com- 
mon occasions, it might be expected that dive bradycardia is 
graded and variable in response to exercise-induced demands 
for increased peripheral tissue perfusion (e.g., in exercising 
muscles; Davis and Williams 2012). 

It should be noted that not all bradycardia associated with 
the dive response is created equal—the depth of bradycardia 
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observed during natural diving appears to differ across marine 
mammal groups, with seals being the bradycardia champi- 
ons, manatees typically (but not always) demonstrating the 
weakest bradycardia (Gallivan, Kanwisher, and Best 1986), 
and the cetaceans falling somewhere in between (Irving 1942; 
Spencer, Gornall, and Poulter 1967). Instantaneous heart rates 
as low as 3 bpm have been observed in natural dives of the 
northern elephant seal (Mirounga angustirostris, Andrews 
et al. 1997) and below 10 bpm in the California sea lion 
(McDonald and Ponganis 2014). In contrast, the shallow div- 
ing Amazonian manatee (Jrichechus inunguis) shows only 
minor reductions in heart rate under normal conditions, 
although heart rates as low as 5 bpm have been observed 
when they were startled (Gallivan, Kanwisher, and Best 
1986). The bradycardia observed in bottlenose dolphins 
and killer whales (Orcinus orca) is not as profound as has 
been observed in some pinnipeds, or the startled manatee, 
but rather seems to follow a very predictable pattern with 
a lower limit of 20-30 bpm, regardless of the dive situa- 
tion (Spencer, Gornall, and Poulter 1967, Houser et al. 2009; 
Noren et al. 2012). Indeed, the bradycardia observed while 
diving in the bottlenose dolphin is not significantly differ- 
ent from that during the apneic period of normal breathing 
while resting out of water (Ridgway 1972). 


Blood Flow Redistribution 


The diving bradycardia that occurs upon submersion is 
accompanied by a redistribution of blood flow, which can 
be profound in forced dive situations. Dive-induced periph- 
eral vasoconstriction redistributes blood flow from periph- 
eral splanchnic, muscular, and cutaneous tissues, so that 
blood flow to more oxygen-demanding tissues (e.g., brain 
and heart) can be maintained (Blix et al. 1976; Zapol et al. 
1979). As noted in experiments on pinnipeds, concomitant 
with a reduction in blood flow is a maintenance or increase 
in the central arterial blood pressure (Scholander 1940; Van 
Citters et al. 1965). Evidence of peripheral vasoconstriction 
and reduction in blood flow to peripheral muscles was first 
qualitatively determined in marine mammals during forced 
dive experiments conducted in the 1940s (Scholander 1940; 
Grinnell, Irving, and Scholander 1942). The phenomenon is 
not restricted to only marine mammals, as peripheral isch- 
emia during breath hold or diving in non-diving-adapted spe- 
cies has been known for some time, albeit not to the same 
degree as observed in marine mammals (e.g., Irving 1942; 
Elsner et al. 1966). However, it should also be noted that div- 
ing in and of itself does not necessarily result in a profound 
peripheral vasoconstriction, and it should not be assumed 
that it occurs to the same degree across all marine mam- 
mal species or for all dives; for example, the only measure 
of muscle blood flow in freely diving bottlenose dolphins 
suggests that muscle blood flow persists during dives to 
70-100 m depth (Ridgway and Howard 1979). By comparison, 


venous hemoglobin saturation profiles measured in freely 
diving California sea lions is indicative of pronounced restric- 
tion of blood flow to locomotory muscles during descent, 
yet changes in the profile during later portions of the dive 
(particularly during ascent) suggest more variable patterns of 
muscle perfusion (McDonald and Ponganis 2013). 

Arteriograms conducted in harbor seals demonstrated 
that under forced dive conditions, vasoconstriction is such 
that blood flow is reduced not only to the skin, muscle beds, 
and peripheral appendages, but also to the kidney, liver, and 
spleen (Bron et al. 1966). In fact, the flow of blood to the 
kidney and liver was found to essentially cease, depending 
on the magnitude of the dive response. The findings are con- 
sistent with those of reductions in abdominal aortic blood 
flow in seals and sea lions performing trained dives (Elsner 
et al. 1966), although restriction appears to be less complete 
than when in forced dive conditions. Similarly, indocyanine 
green and inulin clearance techniques used in freely diving 
Weddell seals eptonychotes weddelli) suggested that renal 
perfusion is maintained while diving, except on dives where 
oxygen demands would necessarily exceed the oxygen stores 
available to the seal (Davis et al. 1983). Additional research in 
seals has demonstrated reduced iliac blood flow with forced 
diving (with cessation of blood flow at dives >10 minutes; Van 
Citters et al. 1965). Vasoconstriction begins not far from the 
primary aortic branches and involves medium and small arte- 
rial branches (i.e., larger vessels than the arterioles typically 
associated with peripheral blood flow restriction). Studies uti- 
lizing cardiac pacing during forced dives, wherein heart rate 
is controlled by delivering pulses of electrical current to the 
heart, have indicated that diving bradycardia is not necessary 
for the occurrence of peripheral vasoconstriction (Murdaugh 
et al. 1968). Indeed, the completion of forced dives in excess 
of 4 minutes’ duration, in which peripheral vasoconstriction 
occurred but bradycardia was prevented, prompted Murdaugh 
and colleagues (1968) to argue that peripheral vasoconstric- 
tion is the primary means by which oxygen stores are man- 
aged in diving marine mammals. 

It is perplexing exactly how peripheral vasoconstriction 
of the muscle beds are maintained for long-duration dives 
because vascular smooth muscle regulation of arteriole con- 
striction eventually causes arteriolar dilation in response to 
reduced oxygen and/or the accumulation of metabolic end 
products (for review, see Cherepanova, Neshumova, and 
Elsner 1993). Dense, sympathetic innervation of arteries in 
seals has been observed, which may contribute to the ner- 
vous system’s ability to override the vasodilatory metabolic 
end products that accumulate in peripheral muscles (White, 
Ikeda, and Elsner 1973). Regulation of blood flow proxi- 
mal to the muscle beds (i.e., by the medium-sized arteries 
branching from the aorta) has been proposed as a facilitating 
mechanism—the so-called theory of extramuscular throttle 
(Gooden and Elsner 1985). Alternatively, it has been proposed 
that pulsatile perfusion of the muscle beds could provide suf- 
ficient oxygen to vascular smooth muscle and clear metabolic 
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end products (Gooden and Elsner 1985). At the time of this 
writing, the answer as to how seals maintain persistent vaso- 
constriction within the muscle beds during prolonged dives 
remains unclear. 

Concomitant with peripheral vasoconstriction is the 
maintenance of blood flow to the heart and brain. Indeed, 
under severe peripheral vasoconstriction (e.g., as in a naive 
forced dive) and complete lung collapse, vascular flow may be 
essentially restricted to the brain and heart. Although blood 
flow to the brain is preserved and central arterial blood pres- 
sure is maintained, results as to whether blood flow to the 
brain remains at predive flow rates, is reduced, or increases 
during forced or trained/simulated dives are conflicting 
(Kerem and Elsner 1973; Blix et al. 1976; Dormer, Denn, and 
Stone 1977; Zapol et al. 1979). At least within the California 
sea lion, evidence for adrenergic and cholinergic vasoactive 
innervation of the cerebral arteries exists, suggesting that 
cerebral blood flow can be modulated by dense autonomic 
innervation (Dormer, Denn, and Stone 1977). Little is known 
of cerebral blood flow rates and control in the diving ceta- 
cean. Interpretation of blood flow in the smaller odontocetes 
is complicated by the fact that the internal carotid arteries do 
not supply blood flow to the brain, but rather, blood flow is 
supplied via highly branched extradural retia (Nagel et al. 
1968; Vogl and Fisher 1981a,b, 1982; Lin, Lin, and Chou 1998). 
Blood flow through the retia, at least as measured in the 
bottlenose dolphin, appears to be nonpulsatile and diffuse 
within the cerebral architecture, but also subject to variable 
unihemispheric control of flow (Nagel et al. 1968; Ridgway et 
al. 2006; Houser et al. 2010). The implications for the curious 
vasculature supporting cerebral blood flow in the cetaceans 
while diving remain largely speculative. 

The diving seal has been shown to experience reduced 
coronary blood flow by as much as 90% while diving 
(Murdaugh et al. 1968; Blix et al. 1976), although blood flow 
can be highly variable in its timing (duration between pul- 
satile occurrences of flow) and flow rate (Elsner et al. 1985). 
The control of coronary blood flow has been speculated as 
being regulated through cholinergic-induced vasoconstric- 
tion of the coronary arteries, and facilitated by constriction of 
the caval sphincter and subsequent metering of blood via the 
inferior vena cava (Elsner et al. 1964; Elsner, Hanafee, and 
Hammond 1971; Ostholm and Elsner 1999), whereas main- 
tained blood flow to the brain has been hypothesized to be 
supported by the action of a resilient, volume distensible 
aortic bulb (Strauss 1969). The aortic bulb of seals has been 
speculated to act as a windkessel, metering out blood into 
circulation and maintaining arterial blood pressure during 
periods of diastole via gradual contraction of its elastic fibers 
(Elsner 1969; Strauss 1969; Drabek 1975; Rhode et al. 1986; 
Ponganis, Kooyman, and Ridgway 2003). A similar anatomi- 
cal adaptation has been noted in some, but not all, cetaceans 
and has been speculated to serve the same function (Elsner 
et al. 1966; Ridgway 1972; Melnikov 1997, Shadwick 1999). 
Nevertheless, the elastic nature of the vascular system of all 


marine mammals investigated is indicative of an adaptation 
to forcing blood flow against a firmly constricted arterial tree 
and facilitating the maintenance of blood pressure during 
asystole. 


The Dive Response 
and Oxygen Economy 


The purpose of the dive response is to defend against 
asphyxia by managing oxygen stores while diving, and miti- 
gating the consequences of anaerobic metabolism, when it 
occurs. Scholander (1940) observed that forced dive seals 
not only showed a pronounced bradycardia and peripheral 
vasoconstriction, but they also exhibited both a reduced 
oxygen consumption while diving and a postdive release 
of lactic acid, the occurrence of which was inversely corre- 
lated with arterial oxygen tensions, but which did not occur 
until oxygen tensions had decreased below a certain point 
(Figure 6.2). The findings indicated the accumulation of an 
oxygen debt, with the release of lactic acid into the general 
circulation not occurring until breathing and the reoxygen- 
ation of blood resumed. The concept of an aerobic dive limit, 
or ADL, was formally coined by Kooyman and colleagues 
(1983), who studied the behavior of naturally diving Weddell 
seals in the context of presumed endogenous oxygen stores, 
and the growth of postdive lactate concentrations in relation 
to dive duration. Observed lactate/endurance curves sug- 
gested that seals stayed within their ADL on more than 90% 
of their natural dives. The concept of the ADL, and the subse- 
quent efforts to calculate the ADL (CADL) from oxygen stores 
(e.g., hemoglobin, myoglobin, lung oxygen) and oxygen con- 
sumption rates, has been a useful tool for exploring the dive 
behavior of marine mammals in context of their ecology and 
physiology (Castellini, Kooyman, and Ponganis 1992; Burns 
1999; Costa et al. 2004; Fowler et al. 2007). 
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Figure 6.2 Increase in lactic acid during the surface recovery period 
as a function of arterial blood oxygen recorded at the end of a dive. The 
trend line is an exponential fit to the plotted data points. (Adapted from 
Scholander, P. F., Experimental investigations on the respiratory function 
in diving mammals and birds, Hvalradets Skrifter 22: 1-131, 1940.) 
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The near-complete isolation of muscle from vascular 
flow during prolonged forced submersions conserves oxy- 
gen for the heart and brain on dives of unknown duration 
at the expense of lactate accumulation in lactate-tolerant 
muscles. The redistribution of blood away from oxygen- 
consuming peripheral tissues during forced dives extends 
the duration over which the depletion of arterial blood oxy- 
gen occurs, and the end arterial partial pressure (PaO,) of 
oxygen has been observed to be tolerable to as low as an 
asphyxial end point of 10 mmHg in seals (Scholander 1940; 
Hochachka et al. 1977; Zapol et al. 1979). However, in freely 
diving Weddell seals, myoglobin desaturation was incom- 
plete and the diving bradycardia milder than observed on 
forced dives (Hill et al. 1987; Guyton et al. 1995), factors that 
collectively suggest maintenance of some degree of blood 
flow and oxygen delivery to the muscle beds on most free 
dives (Ponganis, Meir, and Williams 2011). Similar observa- 
tions have been made in forced dive scenarios when seals 
have been trained and desensitized to the procedure; naive 
seals demonstrated greater bradycardia, reduced blood flow, 
and more rapid muscle oxygen depletion than did trained 
seals (jobsis, Ponganis, and Kooyman 2001). As these 
few examples demonstrate, marine mammals can control 
peripheral vasoconstriction and bradycardia so that oxygen 
consumption is balanced across oxygen-demanding and 
lactate-tolerant tissues in support of anticipated dive dura- 
tion and exercise. Indeed, high metabolic costs associated 
with exercise increase oxygen demand and can incur oxy- 
gen debt or limit dive duration, but the acute regulation of 
circulatory oxygen transfer to muscle and minimization of 
exercise can postpone the beginning of lactate accumula- 
tion and potentially prolong the aerobic limits to individual 
dives (Ponganis, Meir, and Williams 2011. 


Physiological Control 
of the Dive Response 


Nervous System Control 


Bradycardia associated with apnea demonstrates a more 
graded occurrence than during submersion (Elsner et al. 1966; 
Jones et al. 1973), suggesting that the more profound brady- 
cardia associated with diving is influenced by other mecha- 
nisms. During submersion, stimulation of the facial branches 
of the trigeminal nerve contributes to the dive response by 
serving as the afferent pathway of the reflex arc. This pathway 
ultimately connects with the efferent pathway in the motor 
nucleus of the vagus nerve. However, as has been demon- 
strated, cortical feedback in the control of at least bradycar- 
dia is evident, and it is apparent that marine mammals can 
maximize the economy of their oxygen stores based upon the 
anticipated duration and depth of a dive, as well as changing 
the dynamics of their defense against asphyxia during a dive 


(Blix 1987). By electrically stimulating the periventricular area 
of the anterior hypothalamus, which is intimately associated 
with the vagus nerve, Van Citters and colleagues (1965) were 
able to recreate the bradycardia and peripheral vasoconstric- 
tion observed during diving in the northern elephant seal. 
The intramuscular administration of atropine to harbor seals 
prevents diving bradycardia, and since atropine is a parasym- 
pathetolytic agent, this finding also supports vagal control of 
diving bradycardia, and possibly the arterial constrictor reflex 
(Murdaugh, Seabury, and Mitchell 1961). Later pharmacologi- 
cal manipulations in harbor seals provided similar support 
(Elliott, Andrews, and Jones 2002). Elsner and colleagues 
(1966) also noted that reimmersion of force-dived seals fol- 
lowing only a 10-second period between dives resulted in 
an immediate and pronounced bradycardia and reduction 
in blood flow. They concluded that such promptness in the 
reinitiation of the response could only be achieved via neural 
control and that it was sufficiently dominant to override the 
accumulation (and subsequent release into circulation upon 
surfacing) of vasodilatory metabolic products. Subsequent 
work with the harbor seal demonstrated that cardiac reflexes 
stimulated by carotid body receptors were also a critical con- 
trol point in the management of bradycardia while diving 
(Angell-James, DeBurgh Daly, and Elsner 1976, De Burgh 
Daly, Elsner, and Angell-James 1977), albeit under the influ- 
ence of other central nervous system inputs (Elsner, Angell- 
James, and DeBrugh 1977). 


Hormonal Regulation 


Accumulated evidence suggests that bradycardia and periph- 
eral vasoconstriction are largely influenced by adrenergic 
(sympathetic) and cholinergic (parasympathetic) processes. 
Norepinephrine and epinephrine, which are mediators of 
sympathetic responses, have both been found to significantly 
increase in the blood of harbor seals during forced diving 
(Hance et al. 1982). Similar findings were obtained in freely 
diving Weddell seals, where the catecholamines increased in 
relation to dive duration (Hochachka et al. 1995). Although 
a possible relationship to cardiac control was speculated, 
increases in catecholamines were strongly associated with 
splenic contraction and increased hematocrit, as well as an 
increased reliance on anaerobic metabolism (Hochachka et al. 
1995). The relationship between catecholamines and splenic 
contraction, which has been suggested to be mediated by 
sympathetic changes in the smooth muscles of the spleen, 
was subsequently verified through experimental manipula- 
tion (Hurford et al. 1996). Under the most restrictive forced 
dive conditions, blood flow to the adrenal gland in Weddell 
seals was maintained yet modestly reduced by ~39%, a find- 
ing that is intuitive if blood flow to the adrenal must be main- 
tained to support continued release of catecholamines and/ 
or corticosteroids into the blood stream while diving (Zapol 
et al. 1979). 
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Conclusions 


Understanding of the dive response and how it enables 
breath-hold diving in marine mammals has evolved since the 
eatly works of Irving and Scholander. As originally postu- 
lated, the notable dive bradycardia and peripheral vasocon- 
striction associated with diving primarily serves to protect 
oxygen stores. Under naive forced dive conditions, these 
responses demonstrate the maximal limits to circulatory 
adjustments. However, under their own volition (and corti- 
cal influence), marine mammals have the ability to vary the 
degree of peripheral vasoconstriction and bradycardia as a 
function of dive duration and exercise, effectively balanc- 
ing the oxygen consumption of various tissues through con- 
trolled delivery of blood oxygen. This, in effect, determines 
the limits of diving—high metabolic costs Chigh locomotory 
effort) incur greater demand for oxygen and either limit dive 
durations or incur oxygen debt (i.e., lactate production), but 
careful regulation of blood oxygen transfer to muscle and 
minimization of locomotory effort can delay the onset of lac- 
tate accumulation and potentially extend the aerobic limits to 
individual dives (Ponganis, Meir, and Williams 2011. 
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90 Gross and Microscopic Anatomy 


Introduction 


Illustrations of the bottlenose dolphin (/Zursiops truncatus; 
Figure 7.1), California sea lion (Zalophus californianus; 
Figure 7.2), harbor seal (Phoca vitulina, Figure 7.3), and 
Florida manatee (Trichechus manatus latirostris; Figure 7.4) 
are used in the portion of this chapter on gross anatomy. These 
species were selected because of their availability and the 
knowledge base associated with them.* Gross anatomy of the 
sea otter (Enhydra lutra) is presented in Chapter 44 (Sea Otter 
Medicine). Illustrations of the (A) external features, (B) super- 
ficial skeletal muscles, (C) relatively superficial viscera with 
skeletal landmarks, (D) circulation, body cavities, and some 
deeper viscera, and (E) skeleton are presented as five separate 
“layers” on the same page for each of the four species. These 
illustrations, based on dissections by one of us (Rommel, SAR), 
are of intact carcasses and thus help show the relative posi- 
tions of organs in the live animals. The major lymph nodes 
are illustrated, but to simplify the illustrations, we did not label 
most of them. The drawings represent size, shape, and posi- 
tion of organs in a healthy animal; the skeleton is accurately 
placed within the soft tissues and body outline. The scale of 
the drawings is the same for each species so that vertical lines 
can be used to compare features on all five; a photocopy onto 
a transparency will allow the reader to directly compare layers. 
Names of structures are labeled with three-letter abbreviations. 
A brief figure legend helps the reader apply basic veterinary 
anatomical knowledge to the marine mammals illustrated. The 
style in Miller’s Anatomy of the Dog (Evans 1993) is followed as 
much as possible. Most technical terms follow the /ustrated 
Veterinary Anatomical Nomenclature by Schaller (1992). 

Recent comparative work on anatomy of marine mammals 
is found in Pabst, Rommel, and McLellan (1999), Rommel and 
Reynolds (2000), Reynolds, Rommel, and Bolen (2002), Rommel, 
Pabst, and McLellan (2009), and Rommel and Reynolds (2009). 
Older but valuable anatomical works include Murie (1872, 
1874), von Wechlinger Schulte (1916), Howell (1930), Fraser 
(1952), Slijper 962), Green (1972), St. Pierre (1974), Bonde, 
O’Shea, and Beck (1983), King (1983), and Herbert (1987). 

We include a section on microanatomy in order to intro- 
duce the microanatomic peculiarities of marine mammals to 
pathologists, and thus aid them in performing routine his- 
topathologic examination of marine mammal tissues. The 
microscopic appearance of organs and tissues is presented 
following the gross anatomic descriptions. This information 


* A set of illustrations of a mysticete would be valuable, but since space is 
limited and they are less likely to be under veterinary care, we chose an 
odontocete; the skeletal anatomy of the right whale (Zwbalaena glacialis) 
is compared with that of other marine mammals in Rommel and Reynolds 
(2009). 

Abbreviations in the text use capital letters to refer to the label on the 
structure. The first letter refers to the layer (A being external features at 
the top of the page and E the skeleton) followed by a hyphen and then the 
structure’s abbreviation. For example, D-HAR refers to the heart on layer D. 


has been gathered from the examination of tissues submitted 
to the University of California Veterinary Medical Teaching 
Hospital Pathology Service over the last 20 years. These tis- 
sues were acquired from stranded marine mammals, such 
as California sea lions, harbor seals, northern elephant seals 
(Mirounga angustirostris), and a few other pinnipeds, south- 
ern sea otters (Enhydra lutris nereis), and a few small odon- 
tocetes and gray whales (Eschrichtius robustus). Anatomic 
observations from the literature are also included and refer- 
enced. Previous reviews of general marine mammal micro- 
anatomy include Simpson and Gardner (1972) and Britt and 
Howard (1983). Reviews of anatomy and histology of indi- 
vidual species include Cape fur seal (Stewardson et al. 1999) 
and leopard seal (Gray, Canfield, and Rogers 2006). 

Histologic recognition of organs and tissues from marine 
mammals poses little problem for individuals acquainted 
with the microanatomy of terrestrial mammals. The patterns 
of degenerative, inflammatory, and proliferative changes 
observed in marine mammal tissues are also similar to those 
observed in domestic mammalian species. Knowledge of spe- 
cific microanatomy is necessary, however, for subtle changes 
to be recognized. 


External Features 


Consider the morphological features of the selected marine 
mammals. Streamlining and thermoregulation have caused 
changes in the appearance of marine mammals; these adap- 
tations include the modification of appendages and other 
extremities for swimming, an increase in blubber for insula- 
tion, the development of axial locomotion, and the develop- 
ment of ascrotal testes (Pabst, Rommel, and McLellan 1999). 


Dolphins 


The odontocetes are represented by the bottlenose dolphin 
(Figure 7.1). The cetaceans are characterized by the absence 
of pelvic limbs but are graced with large caudal paddle- 
like structures called flukes (A-FLK). The melon (A-MEL) is 
a rostral fat pad that, together with elongated premaxillae 
and maxillae, gives the dolphin its “bottle nose.” It also con- 
tains collagen, which is important for echolocation, with the 
fibrous tissue increasing proportionally toward the periphery. 
The external nares are joined as a single respiratory opening 
at the blowhole (A-BLO), located at or near the apex of the 
skull. The externally smooth skin of dolphins has a thickened 
dermis, referred to as blubber. Some cetaceans also have dor- 
sal fins (A-FIN), which are midline, nonmuscular, fleshy struc- 
tures that may help stabilize them hydrodynamically. The 
keel of the peduncle (A-PED) provides streamlining and acts 
as a mechanical spring (Pabst, Rommel, and McLellan 1999). 
Cetaceans also have a pair of pectoral flippers that help them 
steer. Dolphins have facial hairs in utero but lose them at or 
near the time of birth. Drawings contrasting features of the 
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head and teeth of a representative porpoise and a representa- 
tive dolphin appear in Reynolds, O'Dell, and Rommel (1999). 
The unusual head of the sperm whale (Physeter macrocepha- 
lus) is described in detail by Cranford 999). Dolphins have 
conical, pointed (when young and unworn) teeth. In contrast 
to dolphins, porpoises have flattened spade-shaped teeth, 
and the lower, cranial margin of the melon extends all the 
way to the margin of the upper jaw or beak—there is no 
“bottle-shaped nose.” As dolphins age, their teeth wear down, 
as they are abraded by ingested material and each other; the 
name truncatus is derived from the truncated appearance of 
the teeth in the original specimen. The tongues of the bot- 
tlenose dolphin and some other odontocetes have elaborate 
cranial and lateral marginal papillae, which are important for 
nursing (Donaldson 1977). 


Sea Lions 


The otariids (fur seals and sea lions), represented by the 
California sea lion (Figure 7.2), are also called eared seals 
because they have distinct pinnae (A-PIN) associated with 
their external ear openings (A-EAR). Like other pinnipeds, 
sea lions have robust vibrissae (A-VIB) on their snouts. Fur 
and/or blubber help streamline and insulate their bodies. 
Otariids (and walruses) can assume distinctly different pos- 
tures on land by rotating their pelves to position their pelvic 
(or hind) flippers (A-PEL) under their bodies. Note the pres- 
ence of nails (anguis; A-UNG) on the extremities. Eared seals 
propel themselves with their pectoral (or fore) flippers (A-PEC) 
when swimming. The adult males of the sexually dimorphic 
California sea lion (and most other otariids) are much larger 
than the females. The teeth of sea lions are often stained dark 
brown or black in the absence of significant dental calculus. 


Seals 


The phocids, or earless seals (also called hair seals), are rep- 
resented by the harbor seal (Figure 7.3). They have vibrissae 
similar to those of a dog. Their nares (A-NAR) are located at 
the dorsal aspects of their snouts. Phocid eyes are typically 
large (C-EYE) when compared with those of other marine 
mammals. Note that the appearance of phocids is generally 
the same, whether they are in the water or on land. Phocids 
commonly tuck their heads back against the thoraxes, making 
the neck look shorter than it really is, and they locomote in 
the water by lateral undulation of their pelvic flippers (A-PEL). 
Their flippers have long curved nails (A-UNG). Some phocids 
have multiple cusps on the caudal teeth, which in some spe- 
cies are quite complex and ornate. The nasal turbinates are 
well developed in many phocids (Mills and Christmas 1990). 


Manatees 


The sirenians are represented by the Florida manatee 
(Figure 7.4). They lack hind limbs and have a dorsoventrally 


flattened fluke (A-FLK; note that it is flukes in cetaceans and 
dugongs and fluke in manatees). There is no dorsal fin, and 
the pectoral limbs or flippers are much more robust and 
mobile than those of the cetaceans—it is common to see 
manatees with their flippers folded across their chests or 
manipulating food into the mouth. In very shallow water, 
manatees can “pec walk” using their flippers. The skin is 
rough and relatively thick and massive when compared with 
that of terrestrial mammals of the same body size. The skin 
is denser than water and contributes significantly to negative 
buoyancy (Nill et al. 1999). The vibrissae are robust but short 
(from wear), and the body hairs are fine but sparse, and give 
a nude appearance to the skin of the manatee. The vibrissae 
are located in discrete tactile regions of the lips and are com- 
posed of various combinations of bristle size, nerve ending, 
and axon, resulting in complex receptor anatomy (Marshall 
et al. 1998; Sarko et al. 2007). Although body hairs are sparse, 
they are innervated and allow manatees to detect hydrody- 
namic stimuli and other tactile sensations (Reep, Stoll, and 
Marshall 1999; Gaspard et al. 2013). The eyes (A-EYE) of 
manatees are small and, unlike the eyes of other mammals, 
close using a sphincter rather than distinct upper and lower 
eyelids. 


Microanatomy of the Integument 


The cetacean integument differs significantly from that of ter- 
restrial mammals in that there are no hair follicles (save for 
a few on the snouts of some species) and no sebaceous or 
apocrine glands (Greenwood, Harrison, and Whitting 1974; 
Ling 1974). Hairs are observed around the lips of fetal ceta- 
ceans and are lost shortly after birth (Brecht, Preilowshi, and 
Merzenich 1997). The thick epidermis is parakeratotic, lacks 
a granular layer and a stratum lucidum, and is composed 
primarily of stratum spinosum (stratum intermedium) with 
deep basal rete pegs (Morales-Guerrero et al. 2016). The basal 
layer has continuous mitoses. Keratinocytes in all layers of 
the skin contain melanin granules, in species examined to 
date. Continuous desquamation caused by water friction may 
account for the retention of nuclei in the stratum corneum and 
the continuous cell replication in the basal layer. The papil- 
lary dermis is extremely well vascularized (Elsner et al. 1974). 
The reticular dermis grades into the fat-filled panniculus adi- 
posus, creating a fatty layer referred to as the blubber layer. 
The blubber contains many collagen (fibrous) bundles and 
elastic fibers, and adipocytes are interspersed so that blub- 
ber thickness may not diminish significantly during catabo- 
lism of fat. Blubber function varies along the body, with the 
inner (medial) half of thoracic blubber contributing to catabo- 
lism, but the outer (lateral) half of thoracic blubber and the 
full thickness of tailstock blubber being primarily structural 
in function (Koopman et al. 2002). Varying thermal proper- 
ties have also been documented within different anatomical 
regions and among different species based on lipid quality 
Cipid class and content; Bagge et al. 2012). The blubber layer 
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is connected to the underlying musculature by loose connec- 
tive tissue (subcutis). 

Pinnipeds, sea otters, and sirenians are haired (although 
hair density varies enormously from the very dense fur of 
sea otters to the sparse hair of walruses and sirenians), and 
therefore their skin is more similar to domestic mammals 
than is cetacean skin. The epidermis of these species is 
partially or entirely keratinizing, and the thickness varies 
with location on the body. The stratum corneum is thick- 
est on weight-bearing surfaces, such as the relatively gla- 
brous ventral surfaces of fore and hind flippers, where the 
entire epidermis is quite thick and ridged. A stratum granu- 
losum is present in phocids. The surface of the epidermis 
in some phocids (e.g., harbor seals) has a lobulated “scale- 
like” pattern, which is also thought to reduce drag (Erdsack 
et al. 2015). Compound hair follicles consisting of a single 
guard hair follicle and several intermediate and underfur 
follicles are common, especially in fur seals and sea otters. 
Intermediate hairs also occur in harbor seals. Elephant seals, 
monk seals, and walruses, which lack underfur, all have 
simple hair follicles consisting of a single guard hair. Like 
terrestrial mammals, hair follicles of sea otters and pinnipeds 
are associated with well-developed sebaceous and apocrine 
(sweat) glands. Apocrine sweat glands are relatively large 
in the otariid seals, whereas the sebaceous glands are more 
prominent in the phocids. In otariids, the sweat glands 
enter the hair follicle above the sebaceous gland duct, but 
in phocids the pattern is reversed. Concentrations of glands 
vary with location on the animal, and patterns of gland dis- 
tribution have been described in harbor seals, California 
sea lions, and northern elephant seals, but have not been 
fully described for other species (Khamas et al. 2012). In 
some pinniped species, apocrine gland secretion may be 
more evolved for scent and olfactory communication than 
for thermoregulation (Greenwood, Harrison, and Whitting 
1974). Hair follicles in all species are said to lack arrector pili 
muscles and have a fairly fixed angle relative to the skin sur- 
face, presumably to reduce drag. In harbor seals, vibrissae 
may be selectively heated by changes in blood flow (Mauck, 
Eysel, and Dehnhardt 2000). 

The blubber layer is relatively thin in fur seals and sea 
otters; in these species, the pelage is presumed to provide pri- 
mary insulation. The connective tissue in the pinniped dermis 
contains many elastic fibers. The reticular layer is thicker than 
the papillary layer. The lower portions of hair follicles extend 
into the deep reticular dermis and are often surrounded by 
adipose tissue in those species with a thick blubber layer. 
Glomeruloid arteriovenous anastamoses are found in the der- 
mis of phocids and may aid in thermoregulation (Khamas et 
al. 2012). 

An interesting physiologic phenomenon involving the 
marine mammal integument is the catastrophic cyclic molting 
that occurs in some phocids (Ling 1974). Domestic mammals 
also tend to shed hair cyclically, but the stratum corneum 
is desquamated continuously, accompanied by continuous 


proliferation of the basal cell layer. In some phocids, basilar 
mitosis is seasonal, and the lipid-rich stratum corneum is para- 
keratotic, and persists as a protective, presumably waterproof, 
sheet from one molt to the next. Prior to molt, a granular cell 
layer develops, and during molt, the surface epithelium is 
shed in great sheets along with the hair. In harp seals, this 
process is manifest grossly as small circular lesions that open 
and become confluent, leading to a drying-out and sloughing 
of the entire epidermal surface. Catastrophic molt has been 
best described histologically in the southern elephant seal 
(M. leonina) and is also evident in the northern elephant seal. 
Cyclic shedding or molt has also been seen in otariids, but 
occurs more slowly, with shedding of the hair over several 
weeks or months. 

Mammary glands (B-MAM) are ventral, medial, and rela- 
tively caudal in most marine mammals, but they are axil- 
lary in sirenians. Cetaceans and some phocids have a single 
pair of nipples (B-SLT), but otariids and polar bears have two 
pairs of nipples. In cetaceans, the nipples are within mam- 
mary slits located lateral to the urogenital opening. Detection 
of the mammary slits is a relatively easy way to determine the 
sex of a cetacean; however, male cetaceans of some species 
have distinct mammary slits. Detailed anatomy of the phocid 
mammary gland is described by Bryden and Tedman (1974), 
and Tedman and Bryden (1981). 


The Superficial Skeletal Muscles 


The skeletal muscles that are encountered when the skin, 
blubber,* and panniculus muscles are removed are illustrated 
in layer B of each figure. Note that the panniculus (B-PAN) is 
represented as dotted lines in the manatee, because it is such 
a robust muscle, bordered on its lateral and medial aspects 
by “blubber.” The skeletal muscle of most marine mammals 
is very dark red, almost black, due to the relatively high myo- 
globin concentration. 

The design of the musculoskeletal system profoundly 
influences any mammal’s power output, because it affects 
both thrust and propulsive efficiency (Pabst, Rommel, and 
McLellan 1999). Thrust forces depend on muscle morphology 
and the mechanical design of the skeletal system. The pro- 
pulsive efficiency of the animal depends on the size, shape, 
position, and behavior of the appendage(s) used to produce 
thrust. Terrestrial mammals usually use their appendicular 
musculoskeletal system to swim using the proverbial dog 
paddle—alternate strokes of the forelimbs (and sometimes 
hind limbs). Pinnipeds use their more derived appendicular 
musculoskeletal systems to swim. Unlike the other marine 


* The term “blubber” is used differently in different species. In sea lions, 
seals, and manatees, it is subcutaneous fat in one or two layers, and 
resembles that found in terrestrial mammals. Blubber in cetaceans is fat 
“inflated” dermis (Pabst, Rommel, and McLellan 1999). 
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mammals, the fully aquatic sirenians and cetaceans swim 
using only their vertebral or axial musculoskeletal systems. 

Thus, in mammals that use their appendicular muscu- 
loskeletal systems to swim, two morphological “solutions” 
to increase thrust production are observed (Pabst, Rommel, 
and McLellan 1999), Proximal locomotor muscles tend to 
have large cross-sectional areas and so would have the 
potential to generate large in-forces. Proximal limb bones 
(i.e., humerus and femur) tend to be shorter than more distal 
bones (i.e., radius, ulna, tibia, and fibula), which increases 
the mechanical advantage of the lever system. The short 
proximal limb bones have an added hydromechanical ben- 
efit. These bones tend to be partially or completely enveloped 
in the body, which helps reduce drag on the appendage and 
increases body streamlining (Tarasoff 1972; English 1977; 
King 1983). 

Contrast the distribution of muscle mass in the four spe- 
cies. Note that adaptations to each locomotory specialization 
have enlarged or reduced the corresponding muscles found 
in terrestrial mammals. Contrast the massiveness of the pec- 
toral muscles (B-PEC) of the sea lion with those in the seal. 
The triceps (B-TRD and deltoids (B-DEL) are also enlarged 
in both pinnipeds to increase thrust, and the olecranons (C, 
E-OLC) of both the seal and sea lion are enlarged to increase 
the mechanical advantage of these muscles. Note that the har- 
bor seal has a unique component of the pectoral, an ascend- 
ing pectoral muscle (B-PECa) that extends over the humerus 
(also described for another phocid, the southern elephant 
seal—see Bryden 1971. A dramatic change in thickness of 
the abdominal wall muscles (B-INT, EXT) occurs in young 
seals as they make the transition from a more terrestrial to a 
more aquatic lifestyle. 

Cetaceans and sirenians use their axial musculoskeletal 
systems to swim. Epaxial muscles (B-EPX) bend the vertebral 
column dorsally in upstroke; hypaxial muscles (B-HPX) and 
abdominal muscles bend the vertebral column ventrally in 
downstroke. Because there is no “recovery” phase, efficiency 
is increased. These muscles generate thrust forces that are 
delivered to the fluid medium via their flukes (Domning 1977, 
1978, Strickler 1980; Pabst 1990). 

The elongated vertebral spinous processes (E-NSP) and 
transverse processes (E-TPR) of cetaceans also increase the 
mechanical advantage of the axial-muscle lever system, rela- 
tive to that system in terrestrial mammals. By inserting far 
from the point of rotation, the lever arm-in is increased, and 
thus, force output is increased. A novel interaction between 
the tendons of the epaxial muscles and a connective tis- 
sue sheath that envelops those muscles also increases the 
work output of the axial musculoskeletal system in ceta- 
ceans (Pabst 1993; Pabst, Rommel, and McLellan 1999). The 
sirenian axial skeleton does not display elongated vertebral 
spinous processes, which would increase the lever arm-in 
for dorsoventral flexion. Instead, the lumbar and cranial 
most caudal vertebrae have elongated transverse processes 
(Domning 1977, 1978). 


Diaphragm as a Separator 
of the Body Cavities 


The orientation of the diaphragm (C, D-DIA) in most marine 
mammals is very similar to the orientation of the diaphragm 
in the dog. Visualizing size, shape, and extent of the dia- 
phragm will help you visualize the dynamics of respiration 
and diving. It lies in a transverse plane and provides a muscu- 
lotendinous sheet to separate the major organs of the diges- 
tive, excretory, and reproductive systems (all typically caudal 
to the diaphragm) from the heart with its major vessels; the 
lungs (C-LUN) and associated vessels and airways; the thy- 
roid (C, D-THY), thymus (C, D-TYM), and a variety of lymph 
nodes, all located cranial to the diaphragm. The diaphragm is 
generally confluent with the transverse septum, so it attaches 
medially at its ventral extremity to the sternum. 

Although the diaphragm acts as a separator between 
the heart and lungs and the other organs of the body, the 
diaphragm is traversed by nerves and other structures, such 
as the aorta (D-AOR; crossing in a dorsal and central posi- 
tion), the vena cava (D-CVC; crossing more ventrally than the 
aorta, and often slightly left of the midline, although appear- 
ing to approximate the center of the liver), and the esopha- 
gus (D-EOS; crossing slightly right of the midline, at roughly 
a midhorizontal level). This transverse orientation exists in 
most marine mammals, although the orientation of the dia- 
phragm may be slightly diagonal, with the ventral portion 
being more cranial than the dorsal portion. 

The West Indian manatee’s diaphragm differs from this 
general pattern of orientation and attachment. The manatee 
diaphragm and the transverse septum (D-TRS) are separate, 
with the latter occupying approximately the “typical” position 
of the diaphragm, and the diaphragm itself occupying a hori- 
zontal plane extending virtually the entire length of the body 
cavity. This apparently unique orientation presumably relates 
to buoyancy control (Rommel and Reynolds 2000). There are 
two separate hemidiaphragms in the manatee. The central 
tendons firmly attach to hypapophyses (E-HYP) on the ven- 
tral aspects of the thoracic vertebrae, thereby producing the 
two pleural cavities. 


Gross Anatomy of Structures 
Cranial to the Diaphragm 


Heart and Pericardium 


The pericardium is a fluid-containing sac surrounding the 
heart; in manatees, it often contains more fluid than is found 
in the typical mammal or in other marine mammals. The heart 
occupies a ventral position in the thorax Gmmediately dorsal 
to the sternum; D-STR). The heart lies immediately cranial to 
the central portion of the diaphragm (D-DIA; or the transverse 
septum in the manatee, D-TRS). In some species, the lungs 
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(D-LUN) may embrace the caudal aspect of the heart, separat- 
ing the caudal aspect of the heart from the diaphragm. As in all 
other mammals, marine mammal hearts have four chambers, 
separate routes for pulmonary and systemic circulation, and 
the usual arrangements of great vessels (venae cavae, D-CVC; 
aorta, D-AOR; coronary arteries; pulmonary arteries, PULaa; 
pulmonary veins, PULvv). Many marine mammal hearts are 
flattened from front to back (ventral to dorsal), are relatively 
squat from top to bottom, and have a rounded apex, giving 
them a shape quite different from the hearts of most terrestrial 
mammals (Drabek 1975). Most pinnipeds and some cetaceans 
also have a distinctive dilatation of the aortic arch called the 
aortic bulb (Drabek 1975; Smodlaka et al. 2010). Epicardial fat 
occurs, but is rapidly lost in debilitated animals. 


Pleura and Lungs 


The pleural cavities and lungs (C-LUN) are generally found 
dorsal and lateral to the heart; in the manatee, the lungs are 
unusual in that they extend virtually the length of the body 
cavity and remain dorsal to the heart (Rommel and Reynolds 
2000). Lungs of some marine mammals (cetaceans and sireni- 
ans) are unlobed. The cranial ventral portion of the left lung 
in the bottlenose dolphin and other small odontocetes is very 
thin, almost veil-like, where it overlies the heart. Lobation in 
the pinnipeds is generally similar to that in the dog, that is, 
two lobes on the left (the cranial lobe has cranial and cau- 
dal parts) and four including the accessory lobe on the right. 
Reduction of lobation occurs in some phocids (Boyd 1975; 
King 1983). The terminal airways in all marine mammals are 
reinforced with either cartilage or muscle (Pabst, Rommel, 
and McLellan 1999). Apical (tracheal) bronchi are present in 
dolphins. In otariids, it is important to note that the bifurca- 
tion (D-BIF) of the trachea into the main-stem bronchi takes 
place at the thoracic inlet, not at the pulmonary hilus, as 
is the case in phocids and cetaceans (McGrath et al. 1981, 
Nakakuki 1993a,b; Wessels and Chase 1998). Cartilagenous 
tracheal ring morphology varies considerably. Cetaceans have 
spiraling rings throughout, while pinnipeds vary consider- 
ably along the length of the trachea and between species 
from complete rings to “slip and gap” morphology (Moore 
et al. 2014). The cranial aspect of the right lung of cetaceans 
receives an additional more cranial extrapulmonary bronchus 
branching off before the main bifurcation (tracheal or acces- 
sory bronchus; Fraser 1952; Piscitelli et al. 2013; Moore et al. 
2014). The lungs of cetaceans are grossly smooth, but those of 
many pinnipeds are divided into distinct lobules in the ven- 
tral fields. Interestingly, sea otter lungs have distinct interlobu- 
lar septa. The size of marine mammal lungs depends upon 
each species’ diving proficiency. Marine mammals that make 
deep and prolonged dives (e.g., elephant seals) tend to have 
smaller lungs than expected (based on allometric relation- 
ships), whereas shallow divers (e.g., sea otters) tend to have 
larger-than-expected lungs (Pabst, Rommel, and McLellan 
1999; Piscitelli et al. 2010). 


Mediastinum 


The mediastinum is an artifact of the downward expan- 
sion of the lungs on either side of the heart in the typi- 
cal mammal (Romer and Parsons 1977); thus, the traditional 
definition of the mammalian mediastinum does not apply 
to manatees. The positions of the aortic hiatus, caval fora- 
men (D-CAF), and esophageal hiatus (D-ESH) are unusual 
because of the configuration of the diaphragm. The manatee 
mediastinum (see Figure 7.4, layer D) is the midline region 
dorsal to where the pericardium attaches to the heart and 
ventral to the diaphragm, cranial to the transverse septum 
up to approximately the level of the first cervical vertebra. 
This is essentially what constitutes the cranial mediastinum 
of other mammals. The thyroid, thymus, tracheobronchial 
lymph nodes, and the tracheobronchial bifurcation are in 
the region defined as mediastinal in the manatee (Rommel 
and Reynolds 2000). The mediastinum is thin and generally 
complete in the pinnipeds. 


Thymus 


The thymus (C, D-TYM), which typically is relatively larger 
in young than in old individuals of any species, is found on 
the cranial aspect of the pericardium (sometimes extending 
caudally to embrace almost the entire heart) and may extend 
into the neck in otariids, the bottlenose dolphin (Cowan and 
Smith 1999), and some other species. In very young bottle- 
nose dolphins, it covers the thyroids. 


Thyroids 


The thyroid glands (C, D-TYR) of the bottlenose dolphin are 
located in the cranial part of the mediastinum along either 
side of the distal part of the trachea (C, D-TRA), prior to its 
bifurcation (D-BIF) into the bronchi. They may vary grossly 
from two separate laterally displaced bodies, two distinct 
bodies with a central isthmus (most common), two separated 
but multinodular (grape cluster like) bodies least common), 
or may be fused into a single shield-shaped body (Cowan 
and Tajima 2006). The paired, large, oval, dark-brown thyroid 
glands of pinnipeds, however, lie along the trachea just cau- 
dal to the larynx outside of the thoracic inlet (similar to the 
position in dogs). 


Parathyroids 


The parathyroid glands have been described in small ceta- 
ceans, and their location relative to the thyroid gland varies 
between species examined to date (Hayakawa et al. 1998). 
In Risso’s dolphins (Grampus griseus), the parathyroids are 
dorsal to the thyroids or embedded within them, while in 
bottlenose dolphins, they are on the surface of the thyroids 
and in the connective tissue surrounding the dorsal side 
of the thyroids. Little is known about the parathyroids of 
pinnipeds. 
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Larynx 


The cetacean respiratory system has undergone several modi- 
fications that are associated with the production of sound. 
Immediately ventral and lateral to the blowhole (B, C, D-BLO) 
are small sacs or lateral diverticulae (C-SAC). Medial to the 
diverticulae are the paired internal nares that extend on the 
cranial aspect of the braincase (D-BRN). The larynx (C-LAR), 
a spout-shaped structure referred to as the goosebeak, is 
composed of an elongated epiglottis and corniculate carti- 
lages of the arytenoids (Reidenberg and Laitman 1987). The 
goosebeak extends through a small opening in the roof of the 
pharynx (supported laterally by an enlarged thyroid cartilage) 
into the relatively vertical narial passage; food can pass to 
either side of the goosebeak. 

Cetaceans have a robust hyoid apparatus (C, E-HYO) to 
support movements of the larynx. The sternohyoid muscles 
are usually quite large and can play important roles in res- 
piration (e.g., inhalation) and feeding (e.g., suction feeding; 
Cotten et al. 2008). A palatopharyngeal sphincter muscle 
can keep the goosebeak firmly sealed (Pabst, Rommel, and 
McLellan 1999). For a detailed description of sound-producing 
anatomy, see Cranford, Amundin, and Norris (1996) and 
Reidenberg and Leitman (2008). 


Caval Sphincter 


One additional structure that is associated with the circula- 
tory system, located on the cranial aspect of the diaphragm in 
seals and sea lions, is a feature atypical in mammals. This is 
the muscular caval sphincter (D-CAS), which can regulate the 
flow of oxygenated’ blood in the large venous hepatic sinus 
(D-HPS) to the heart during dives (Elsner 1969). The sphincter 
is innervated by a branch of the right phrenic nerve (Harrison 
and Tomlinson 1956). Although similar bands of diaphrag- 
matic muscle do occur around the thoracic caudal vena cava 
of cetaceans (e.g., harbor porpoise), they are less distinct 
from the main pars muscularis than in phocids (Harrison and 
Tomlinson 1956). 


Microscopic Anatomy of Structures 
Cranial to the Diaphragm 


Respiratory System 


In most species, the tracheal pseudostratified ciliated 
mucosa is richly endowed with goblet cells, and in pin- 
nipeds may be underlain by a thick hyalinized basement 
membrane. Abundant submucosal glands may be present. 
In cetaceans and otariids, cartilage extends around small 


* In diving mammals with abundant arteriovenous anastomoses (shunts 
between arteries and veins before capillary beds), one can find high blood 
pressure and highly oxygenated blood in veins. One such venous reser- 
voir of oxygenated venous blood is the hepatic sinus of seals (King 1983). 


bronchioles to the periphery of the lungs. In most phocids, 
cartilage is present around bronchi and bronchioles and 
can extend to respiratory bronchioles in some species (e.g., 
ringed seals; Tarasoff and Kooyman 1973; Boshier 1974; 
Boyd 1975; Smodlaka, Reed, and Henry 2006). Bronchial 
glands are especially numerous in larger-caliber bronchi and 
bronchioles of phocids. The configuration of terminal air- 
ways branching into alveoli varies among marine mammals, 
but in general, respiratory (alveolar) ducts with small alve- 
olar sacs make up the functional parenchyma. Myoelastic 
sphincters are present in the terminal bronchioles at the 
junction of alveolar ducts, presumably as an adaptation to 
diving (Boshier 1974; Wessels and Chase 1998, Piscitelli et al. 
2013). The number of alveolar duct units per lobule varies 
with species. 

The interalveolar septa have double rows of capillaries 
in most cetaceans and some otariids (e.g., in Steller but not 
California sea lions) but a single row of capillaries in phocids. 
In a number of diverse cetacean species (striped dolphin, 
common dolphin, pygmy sperm whale, bottlenose dolphin, 
beaked whales), a robust venous plexus has been observed 
lining the luminal surface of all major airways (Figure 7.5; 
Costidis and Rommel 2012; Cozzi et al. 2005; Davenport et 
al. 2013). Little published information exists on the gross or 
histologic morphology and anatomic connections or extent 
of the plexus (Costidis and Rommel 2012; Cozzi et al. 2005; 
Davenport et al. 2013). Nonetheless, it is apparent that if 
engorged, it may be capable of occupying a substantial por- 
tion of the luminal volume, and has been hypothesized as a 
possible compensatory mechanism for dive-related baromet- 
ric changes resulting in pulmonary compression and alveolar 
collapse. Venous sinusoids have also been noted investing 
the lining of the upper airway (e.g., bony nares) in cetaceans, 
and have been likened to erectile vascular tissue similar to 
the corpus cavernosum of the mammalian penis (Costidis and 
Rommel 2016a). 


Heart and Great Vessels 


The aortic bulb of phocids has a thickened tunica media 
with both circular and longitudinal arrays of elastic fibers 
thought to allow it to act as a dampening reservoir to main- 
tain diastolic pressure during deep diving (Smodlaka et al. 
2010). The cells in Purkinje fibers of cetaceans are large and 
resemble those in ruminants, while those in pinnipeds are 
more delicate (Ono et al. 2009). Cardiac myofiber degenera- 
tion and contraction bands are seen in stranded cetaceans, 
possibly as a reflection of catecholamine release (Cowan and 
Curry 2008). 


Thymus 


The thymus of marine mammals is composed of lobules, 
each with a distinct lymphocyte-rich cortex and a less cel- 
lular medulla. In many stranded immature marine mammals, 
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there is profound thymic atrophy, with lymphoid depletion, 
and mineralization and keratinization of Hasell’s corpuscles. 


Thyroids 


The thyroids of neonatal California sea lions, harbor seals, 
and elephant seals have plump cuboidal epithelium and 
little colloid (Little 1991, Schumacher et al. 1993). In adults 
of the former two species, the epithelium also remains 
cuboidal, and the follicles remain fairly uniform in size. 
The thyroids of cetaceans are often distinctly lobulated, and 
the follicles of both young and adults vary in size but are 
often small; they are lined with cuboidal epithelium simi- 
lar to that of pinnipeds (Harrison 1969b). The amount of 
interstitial connective tissue increases with age (Cowan and 
Tajima 2006). 


Parathyroids 


The parathyroids of Risso’s dolphins are divided into lobules 
by connective tissue, and have parenchymal cells, consisting 
of chief cells with intracellular lipid droplets (Hayakawa et 
al. 1998). 


Gross Anatomy of Structures 
Caudal to the Diaphragm 


Easy-to-find landmarks caudal to the diaphragm include a 
large liver (C, D-LIV) and the various components of the gas- 
trointestinal (GD tract. In the manatee, the gonads and most 
other parts of the reproductive tract are found only after the 
removal of the GI tract (except for the penis and pregnant 
uterus). Conversely, the gonads, uterine horns, and epidid- 
ymides of cetaceans are attached to the lateral abdominal 
wall and are encountered first during entry into the caudal 
abdominal cavity. 


Liver 


Typically, the liver is located immediately caudal to the 
diaphragm. It is a large, brownish, bilobed (cetaceans and 
manatees) or multilobed organ that tends to have most of its 
volume or mass positioned to the left of the body midline. 
Marine mammal livers are generally not too different from 
those of other mammals, although the manatee liver is a little 
more to the right and dorsal than are the livers of most other 
mammals. A large venous sinus is present in pinnipeds, and 
is especially pronounced in phocids. The number of lobes 
and the fissures in the lobes may vary, particularly in the 
sea lion liver, in which deep fissures give the lobe margins 
a deeply scalloped appearance. Bile may be stored in a gall 
bladder (often greenish in color) located ventrally, between 
lobes of the liver, although some mammals (e.g., cetaceans, 


horses, and rats) lack a gall bladder. Bile enters the duodenum 
(D-DUO) through variably prominent papillae (e.g., indistinct 
in bottlenose dolphin). 


Digestive System 


Most of the volume of the cavity caudal to the diaphragm (the 
abdominal cavity) is occupied by the various components 
of the GI tract: the stomach, the small intestine (C-INT sml, 
duodenum, jejunum, ileum), and the large intestine (C-INT 
lg; cecum, colon, and rectum; C, D-REC). A strong sphincter 
marks the distal end of the stomach (the pylorus), where it 
connects with the small intestine (duodenal ampulla in ceta- 
ceans and sirenians). The separation between jejunum and 
ileum of the small intestine is difficult to distinguish grossly, 
though the two sections differ microscopically. 

The junction of the small and large intestines may be 
marked by the presence of a midgut cecum. The cecum is 
absent in most toothed whales, but present in some baleen 
whales (not the bowhead whale), vestigial but present in pin- 
nipeds, and absent in sea otters. In manatees, the cecum is 
large, is globular, and has two blind pouches called cecal 
horns. The large intestine, as its name implies, has a larger 
diameter than the small intestine in some marine mammals. 
In the dolphin, sea lion, and seal, there is little difference 
in gross appearance between the small and large intestines. 
The cecum of sea lions and seals is about a meter from the 
anus, whereas the small intestines are about 20 times as long; 
in adult manatees, both the large and small intestines may 
approach or even exceed 20 m (Reynolds and Rommel 1996). 
The proportions and functions of these components reflect 
feeding habits and trophic levels of the different marine 
mammals. 

Accessory organs of digestion include the salivary glands 
(C-SAL; absent in cetaceans, present in pinnipeds, very large 
in the manatee), pancreas (D-PAN), and liver. The pancreas 
is sometimes a little difficult to locate, because it can be a 
rather diffuse organ and decomposes rapidly; however, a clue 
to its location is its proximity to the initial part of the duo- 
denum into which pancreatic enzymes flow (Erasmus and 
Van Aswegen 1997). Another organ that is structurally, but 
not functionally, associated with the GI tract is the spleen 
(D-SPL), which is suspended by a ligament, generally from 
the greater curvature of the stomach in simple-stomached 
species, or from the first stomach in cetaceans. It is usually 
on the right side, but may have its greatest extent along the 
left side of the body. The spleen is usually a single organ, but 
in some species (mainly cetaceans), small accessory spleens 
may accompany it (Menezes de Oliveira e Silva et al. 2014). It 
varies considerably in size among species; in manatees and 
cetaceans, it is relatively small and is spherical to oblong. The 
spleen is relatively massive and “lingulate” in deep-diving 
pinnipeds (Zapol et al. 1979; Ponganis et al. 1992), where it 
acts to temporarily store red blood cells. 
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The length and mass of the GI tract may be very impres- 
sive and create three-dimensional relationships that can be 
complex. Tough connective tissue sheets called mesenteries 
suspend the organs from the dorsal part of the abdominal 
cavity, and shorter connective tissue bands Cigaments*) hold 
organs close to one another in predictable arrangements (e.g., 
the spleen is almost always found along the greater curvature 
of the stomach, and is connected to the stomach by the gas- 
trolienal, or gastrosplenic, ligament). Nephrosplenic ligaments 
found in some terrestrial mammals (e.g., horse) are never seen 
in cetaceans or manatees. Numerous lymph nodes typically 
composed of long chains and variable amounts of perinodal 
fat are also suspended in the mesenteries. Antimesenteric fat 
deposits are common in robust manatees, but rarely seen in 
cetaceans. 

The GI tracts of pinnipeds and other marine mam- 
mal carnivores follow the general patterns outlined above, 
although the small intestines can be very long in some species 
(Schumacher et al. 1995; Stewardson et al. 1999). Cetaceans 
have some unique specializations among marine mammals 
(Gaskin 1978). In these animals, there are three or more 
compartments to the stomach, depending on the species. 
Functionally, the multiple compartments of cetacean stom- 
achs correspond well to regions of the single stomach of most 
other mammals. Most cetaceans have three compartments; 
the first, called the forestomach (D-STM1, essentially an 
enlargement of the esophagus), is muscular and very disten- 
sible; it acts much like a bird crop (.e., as a receiving cham- 
ber). The second (D-STM2), or glandular, compartment is the 
primary site of secretion among the stomach compartments; 
it contains the same types of enzymes and hydrochloric acid 
that characterize the “typical” mammalian stomach. A marked 
difference in mucosal appearance (e.g., Margo placatus) can 
be seen between the forestomach and the second stomach, 
reflecting the difference between glandular and nonglandu- 
lar linings. Whole fish remain in the forestomach and are 
digested by chemicals refluxed from the glandular stomach. 
Finally, the “U-shaped” third compartment, or pyloric stom- 
ach (D-STM3), ends in a strong pyloric sphincter that regu- 
lates flow of digesta into the duodenum of the small intestine. 
The initial part of the cetacean duodenum is expanded into 
a small sac-like ampulla (occasionally mistaken for a fourth 
stomach). A firm ridge can be palpated along the surface of 
the duodenum, representing the path of the bile duct that 
empties caudad. 

Among the marine mammals, sirenians have the most 
remarkable development of the GI tract. Sirenians are herbi- 
vores and hindgut digesters (similar to horses and elephants), 


* Ligament has several meanings in anatomy: a musculoskeletal element 
(e.g., the anterior cruciate ligament [*In human terminology, anterior and 
posterior are used; in comparative and veterinary terminology, cranial 
and caudal are used when relating to the head and tail, respectively.]), a 
vestige of a fetal artery or vein (e.g., the round ligament of the bladder), the 
margin of a fold in a mesentery (e.g., broad ligament), and a serosal fold 
between organs (e.g., the gastrolienal ligament). 


so the large intestine (specifically the colon) is extremely 
enlarged, enabling it to act as a fermentation vat (Marsh, 
Heinsohn, and Spain 1977; Reynolds and Rommel 1996). The 
sirenian stomach is single-chambered and has a prominent 
accessory secretory gland (the cardiac gland) extending from 
the greater curvature. The duodenum is capacious and has 
two obvious diverticula projecting from it. The GI tract of the 
manatee, with its contents, can account for more than 20% of 
an individual’s weight. 


Urinary Tract 


The kidneys (C, D-KID) typically lie against the musculature 
of the back (B-HPX, hypaxial muscles), at or near the dorsal 
midline attachment of the diaphragm (crus, D-CRZ). In the 
manatee, the unusual placement of the diaphragm means that 
the kidneys lie against the diaphragm, not against hypaxial 
muscles. In many marine mammals, the kidneys are special- 
ized as reniculate (multilobed) kidneys, where each lobe (ren- 
ule or reniculus) has all the components of a metanephric 
kidney. The reason that marine mammals possess reniculate 
kidneys is uncertain, but the fact that some large terrestrial 
mammals also possess reniculate kidneys has led to specula- 
tion that they are an adaptation associated simply with large 
body size (Vardy and Bryden 1981) rather than for a marine 
lifestyle. Large body size may be important, since the prox- 
imal convoluted tubules cannot be overly lengthy and still 
conduct urine (Maluf and Gassmann 1998). 

The kidneys are drained by separate ureters (D-URE), 
which carry urine to a medially and relatively ventrally posi- 
tioned urinary bladder (C, D-BLD). The urinary bladder lies 
on the ventral wall of the caudal abdominal cavity and, when 
distended, may extend as far forward as the umbilicus (A, 
B, C, D-UMB) in some species. The pelvic landmarks are 
less prominent in the fully aquatic mammals. In the manatee, 
the bladder can be obscured by abdominal fat. Note that the 
renal arteries (D-REN) of cetaceans enter the cranial pole of 
the organ, renal veins leave the kidney at multiple locations, 
and the ureters exit near the caudal pole. Conversely, in most 
other marine mammals, they enter and exit at the renal hilus 
(typical of most mammals). Additionally, in manatees, there 
are accessory arteries on the surface of the kidney (Maluf 
1989). Phocids have elaborate stellate venous renal plexuses 
investing the surface of their kidneys and draining via numer- 
ous renal veins into paired caudal venae cavae (Figure 7.5). 


Genital Tract 


Pabst, Rommel, and McLellan (1999) noted that the reproduc- 
tive organs tend to reflect phylogeny more than adaptations to a 
particular niche. If one were to examine the ventral aspect prior 
to removal of the skin and other layers, one would discover 
that, especially in the sirenians and some cetaceans, positions 
of male and female genital openings are obviously different, 
permitting easy determination of sex without dissection. In all 
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Figure 7.5 Panel showing numerous marine mammal vascular structures perfused with latex. Red latex is seen in arteries and blue latex in veins. 

(A) Robust periarterial venous rete in the tongue of the bottlenose dolphin (yellow arrow) is one of numerous such structures in the tissues in and 
around the oral cavity. (B) Parasagittal view of the right side of the head and neck of a bottlenose dolphin with the laryngeal and rostral tracheal 
cartilages reflected ventrad (yellow arrow). A robust endotracheal plexus (yellow arrow) and esophageal plexus (red arrow) are visible. The intricate 
arteriovenous nature of the epidural rete (green arrow) is also visible. (C) Portion of the excised caudal trachea and cranial primary bronchi of a com- 
mon dolphin (Delphinus delphis). The cartilage along the ventral midline has been removed to expose the robust venous plexus (yellow arrow) lining 
the lumen of the airways. Cross sections at either end show the thickness of the venous plexus. (D) Lateral view of the right dentary of a bottlenose 
dolphin with a window cut (red arrow) in the bone to expose the intramandibular fat body. The dense and expansive intramandibular fat body plexus 
(yellow arrow) is visible. The small insert at the top right shows a cross section through the fat body just caudal to the location of the yellow arrow. Note 
the density of the plexus in all regions but a roughly central, seemingly avascular region. Such a region has been observed in numerous specimens and 
species but has yet to be examined further. (E) Ventral view of the cervical portion of the arteriovenous epidural rete (yellow arrow) in the Florida mana- 
tee (Trichechus manatus latirostris) oriented craniad to the left. The large bilateral analogs to the ventral vertebral plexus (red arrow) are seen coursing 
along the ventrolateral margin and sending intervertebral branches laterad. An extensive ventral midline separation between the left and right sides 

of the rete is seen except at the atlanto-occipital region (left). The inset on the top right shows a cross-sectional view of the rete with the spinal cord to 
illustrate the volume of the neural canal occupied by vasculature and its cross-sectional surface area relative to the spinal cord. (F) Ventral view of the 
kidneys of a juvenile gray seal showing the extensive stellate renal plexus (yellow arrow) that drains into multiple renal veins (green arrow). 
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cases, the female urogenital opening (A-U/G) is relatively cau- 
dal, compared to the opening for the penis in males. One way 
to approach dissection of the reproductive tracts is to follow 
structures into the abdomen from the external openings. 

The position and general form of the female reproduc- 
tive tracts are similar to those of terrestrial mammals (Boyd, 
Lockyer, and Marsh 1999), The vagina (C, D-VAG) opens cra- 
nial to the anus (A, B, C, D-ANS). A well-developed external 
vulva is not present. The vagina in cetaceans often contains 
single or multiple transverse folds or “valves” (Orbach et al. 
2016). The vagina leads to the cervix and uterus (C, D-UTR), 
which is bicornuate in marine mammal species. The cervix 
generally has a single external opening (externa os) lying in 
the vagina and a single internal os opening into the body 
of the uterus. The body of the uterus is found on the mid- 
line and is located dorsal to the urinary bladder (the ventral 
aspect of the uterus rests against the bladder). The uterine 
horns (cornua) extend from the uterine body toward the lat- 
eral aspects of the abdominal cavity. In the California sea 
lion, despite the external appearance of the uterus, there is 
no true uterine body and each uterine horn exits the cer- 
vix through an independent internal cervical os (Colegrove 
et al. 2009a). Implantation of the fertilized egg and subse- 
quent placental development take place on the mucosa of 
the uterine horns, usually in the ipsilateral horn to ovulation. 
Dimensions of uterine horns vary with reproductive history 
and age. Often the fetus may expand the pregnant horn to 
occupy a substantial portion of the abdominal cavity. The 
horns terminate anteriorly in an abrupt reduction in diameter 
and extend as uterine tubes (fallopian tubes) to paired ovaries 
(C, D-OVR). The uterus and ovaries are suspended from the 
dorsal abdominal wall by the broad ligaments. Uterine scars 
and ovarian structures may provide information about the 
reproductive history of the individual (Boyd, Lockyer, and 
Marsh 1999). Additionally, the thickness (opacity) and vas- 
cularity of the broad ligaments can often inform about the 
reproductive history (e.g., nulliparous) of an individual. 

The ovaries of mature females may have one or more 
white or yellow-brown bodies, called corpora albicantia and 
corpora lutea, respectively. Although ovaries are usually small 
solid organs, in sirenians they are relatively large, with many 
follicles and often numerous corpora albicantia and atretica 
(Rodrigues et al. 2008; see Chapter 10). 

The male reproductive tracts of marine mammals have the 
same fundamental components as those of “typical” mammals, 
but positional relationships may be significantly different. Many 
marine mammals (e.g., cetaceans and sirenians) are testicond 
(having intra-abdominal testes; DeSmet 1977), whereas in pho- 
cids the testes are in the inguinal canal, partially covered by 
the oblique muscles and blubber (Pabst, Rommel, and McLellan 
1999). A shallow scrotum is present in sea lions, and the testes 
ascend or descend depending on the temperature (Colegrove 
et al. 2009b). The position of testicond marine mammal tes- 
tes creates certain thermal problems, because spermatozoa do 
not survive well at body (core) temperatures; this problem is 


solved by circulatory adaptations mentioned below. Testicular 
size may vary seasonally in species with well-defined breeding 
seasons. In addition, testicular size relative to body size varies 
with reproductive strategy (Panebianco, Negri, and Cappozzo 
2012). The penis of marine mammals is retractable, and it nor- 
mally lies within the body wall. General structure of the penis 
relates to phylogeny (Pabst, Rommel, and McLellan 1999). In 
cetaceans, it is a fibroelastic type with a sigmoid flexure that 
is lost during erection, as seen in ruminants. Erection in ceta- 
ceans is likely accomplished in a manner similar to ruminants, 
through structural (e.g., fibroelastic tissues) and circulatory 
(e.g., vascular engorgement of corpus cavernosum) means, as 
well as muscular involvement (e.g., contraction of ischiocaver- 
nosus muscles and relaxation of retractor penis). Pinnipeds, sea 
otters, and polar bears have a baculum (©s penis) within the 
penis along with a corpus cavernosum, as is found in domestic 
dogs (see Sexual Dimorphisms). 


Adrenal Glands 


In marine mammals, adrenal glands (D-ADR) lie cranial to the 
kidneys and caudal to the diaphragm, as in terrestrial mammals. 
The capsular surface of the adrenal gland in many marine mam- 
mals has a creased or undulating appearance. Adrenal glands 
can be confused with abdominal aortic lymph nodes, but can 
be easily distinguish on cross section by the presence of a gen- 
erally tan cortex and light red-brown to gray medulla. In con- 
trast, inactive lymph nodes are more uniform in appearance, 
and active or hyperplastic lymph nodes have a cream-colored 
cortex and brown medulla and a generally smooth capsule. 


Microscopic Anatomy of Structures 
Caudal to the Diaphragm 


Liver 


The histology of the liver of pinnipeds is quite similar to that 
of terrestrial mammals with the exception of the large hepatic 
sinus found in phocids. In some cetaceans, however, por- 
tal triads may have veins with thick smooth muscle (venous 
sphincter) that far exceed the size of the arterioles (Simpson 
and Gardner 1972; Hilton and Gaskin 1978). Smooth muscle 
may also be found around some central veins in phocids 
(throttling veins; Arey 1941). Stainable iron (hemosiderosis) is 
common in neonatal harbor and northern elephant seals and 
in older otariids in captivity. Ito (stellate) cells may be quite 
prominent in marine mammals, compatible with the presence 
of high vitamin A levels found in these livers (Rhodahl and 
Moore 1943). 


Digestive System 


The oropharynx of pinnipeds and odontocetes, and the caudal 
part of the odontocete tongue, are richly endowed with minor 


120 Gross and Microscopic Anatomy 


mucous glands, which enter out onto the mucosal surface via 
ducts that are visible grossly as small pits. Microscopically, 
the nonglandular and glandular stomachs resemble the anal- 
ogous structures in terrestrial mammals. The nonglandular 
stomach is lined by a thick layer of stratified squamous kera- 
tinizing epithelium. In the glandular stomach, parietal cells 
are exceptionally prominent in odontocetes. In sirenians, the 
cardiac gland is a submucosal mass that protrudes cranially 
from the greater curvature of the stomach; it has a compli- 
cated, folded lumen lined by mucous surface cells overlying 
long gastric glands lined with mucous and parietal cells. The 
glands of the main sac are lined by mucous cells and a lesser 
number of parietal cells (Marsh, Heinsohn, and Spain 1977; 
Reynolds and Rommel 1996). Histologically, the intestines of 
marine mammals are also similar to those of domestic mam- 
mals with the following exceptions (Schumacher et al. 1995). 
The villi are said to be absent in the proximal duodenum in 
some cetaceans, and Brunnetr’s glands are variably present; in 
sea lions, they are found only in the most proximal centime- 
ters of the duodenum. Plicae rather than villi are often pres- 
ent, creating chevron shapes on cross sections of cetacean 
intestine. The light and electron microscopic appearance of 
the small intestine of small odontocetes has been described 
in detail (Harrison, Johnson, and Young 1977). Gut-associated 
lymphoid aggregates are present throughout the intestines 
and may be diffuse or nodular. They are especially numer- 
ous in the distal colon of odontocetes and baleen whales, 
where they form the “anal tonsil” (Cowan and Brownell 1974; 
Romano et al. 1993; Cowan and Smith 1999). 


Urinary Tract 


Each reniculus has a_ histologically distinct cortex and 
medulla. Since cortex completely surrounds the medulla in 
the reniculi, ascending inflammation in one reniculus may 
spill over into the interstitium of an adjacent reniculus, giving 
the pattern of interstitial (hematogenous) nephritis. Thus, it 
is important to sample several reniculi from each kidney to 
assess pathologic processes. In some species of cetaceans, 
there is normally a fibromuscular band at the corticomedul- 
lary junctions surrounding the medullary pyramid. Glomeruli 
of all species examined are of remarkably similar size (about 
one-half the width of a 40x high dry field). 


Genital Tract 


The morphology of the reproductive tract of the female varies 
with the stages of estrus and gestation (see Chapter 10). A 
description of cyclic changes in some of the cetaceans is given 
in Harrison (1969a), in bottlenose dolphins by Orbach et al. 
(2016), Guianan dolphins by Becegato et al. (2015), in some 
sirenians in Boyd et al. 999), and in sea lions by Colegrove 
et al. (2009a). Morphological changes of the genital mucosa 
associated with the estrous cycle have not been studied in 


detail in marine mammals, other than the harbor seal (Bigg 
and Fisher 1974) and California sea lion (Colegrove et al. 
2009a). The endometrium of the gray seal prior to implanta- 
tion (during diapause) is described by Boshier (1979, 1981). 
Ovarian morphology during the reproductive cycle includ- 
ing diapause has been described in sea lions. In general, 
changes in the pinniped genital mucosa under estrogenic or 
progestational influences are fairly similar to those described 
in domestic dogs. 

The placenta of pinnipeds is zonary, endotheliochorial, 
and similar to that of domestic carnivores. In late gestation, it 
is often deep orange because of the marginal hematoma from 
which the fetus gains its iron stores in utero. After parturition 
and involution, old implantation sites may be visible grossly as 
dark areas in the mucosa, which are represented histologically 
by stromal hemosiderosis and arterial hyalinization. The pla- 
centae of cetaceans (both mysticetes and odontocetes) are dif- 
fuse epitheliochorial and interact with the uterine mucosa via 
complex villi, which insert into endometrial glands (a Silva et 
al. 2007; Kitayama et al. 2015). The manatee placenta is zonary 
endotheliochorial, similar to that of elephants (Carter et al. 
2008). The histology of the ovaries varies with age, hormonal 
cycling, and pregnancy. The structure of the phocid corpus 
luteum is described by Sinha et al. (1972, 1977a). 

The prostate is the only accessory sex gland in pinnipeds 
and cetaceans (Harrison 1969a; Colegrove et al. 2009b). It is 
tubuloalveolar and has cuboidal to low-columnar to pseu- 
dostratified lining cells with basilar nuclei and pale apical 
cytoplasm. The fine structure of phocid testes and seminifer- 
ous tubules are described by Leatherland and Ronald (1979) 
and Sinha et al. (977b), respectively. 


Adrenal Glands 


Pinniped adrenals may have an undulating or pseudolobu- 
lated cortex (Bragulla et al. 2004). In cetaceans, however, 
pseudolobulation is extensive and is created by connective 
tissue septa extending from the capsule. Large nerves, gan- 
glia, and many blood vessels are associated with the hilus and 
capsular surface of pinniped adrenals. The marine mammal 
adrenal cortex consists of three zones similar to those of ter- 
restrial mammals; however, the pattern of the cords of cells 
in the outermost zone can be either arcuate or glomeruloid 
(Clark, Cowan, and Pfeiffer 2008; Vukovié et al. 2010). 


Lymphoid and Hematopoietic Systems 


The capsules and trabeculae of pinniped lymph nodes are 
quite thick, and there is often abundant hilar and medullary 
connective tissue as well (Welsch et al. 1997). The degree 
of fibrosis seems to increase with age and may be a func- 
tion of chronic drainage reactions. Pinniped lymph nodes 
are organized like those of canids, having a peripheral 
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subcapsular sinus, cortical follicular and interfollicular (para- 
cortical) regions, and medullary cords and sinuses. Although 
some authors report that marine mammal lymphoid tissue is 
usually quiescent and lacks follicular development, secondary 
follicles are common in both peripheral and visceral lymph 
nodes of stranded pinnipeds, probably due to the common 
presence of skin wounds and visceral parasitism. In many 
stranded pinnipeds, the lymph nodes are sparsely, but dif- 
fusely, populated by lymphocytes, and the ghosts of germinal 
centers can be seen. Since this morphology is most common 
when the interval from death to postmortem is prolonged, it 
has been interpreted to be a “washing out” of lymphocytes 
due to autolysis. 

The lymph nodes of some cetaceans are often deeply 
infolded or fused so that they appear to be organized simi- 
lar to the nodes of suids, whose follicular cortex is buried 
deep within the node, and sinusoids and cords are located 
more toward the periphery. The correlation of anatomic 
location with nodal morphology has not been made for 
all species. The visceral nodes of the bottlenose dolphin 
have extensive smooth muscle in the capsule, and trabecu- 
lae have incomplete marginal sinuses (Cowan and Smith 
1999). The lymph nodes of the beluga are well described by 
Romano et al. (1993). 

Hemal nodes resemble ordinary lymph nodes, except 
they lack a subcapsular lymphatic sinus and contain blood 
in their sinusoids. They are present in most ungulates and 
some rodents (rats), along the course of blood vessels, and 
seem to be present in cetaceans as well. This observation 
needs further confirmation, as lymph nodes draining areas of 
hemorrhage can have blood in the sinusoids and be mistaken 
for hemal nodes. 

The elongated spleen of pinnipeds has a thick fibromus- 
cular capsule and trabeculae with a sinusoidal pattern similar 
to that of canids. The red pulp sinusoids are well developed 
and may serve as a reserve pool of red blood similar to the 
storage spleen of the dog. Periarteriolar lymphoid sheaths 
are generally well developed. Periarteriolar reticular sheaths 
(elliposids) are more generally prominent in phocids than in 
otariids. The spherical spleen of cetaceans also has a thick 
capsule, which is fibrous externally and muscular internally, 
the muscle cells extending into the thick trabeculae (Cowan 
and Smith 1999). White pulp prominence is variable, and 
active germinal centers are often present in stranded bottle- 
nose dolphins. Extramedullary hematopoiesis is common in 
the spleens of pinniped and sea otter pups, but it seems to be 
uncommon in cetaceans. 


Nervous System 


A detailed description of marine mammal neuroanatomy is 
beyond the scope of this chapter; for a comparison of some 
marine mammal brains (D-BRN), see Pabst, Rommel, and 
McLellan (1999). Suffice it to say that the brains of cetaceans 


and pinnipeds are large and well developed, and have com- 
plex gyri in the cerebral and cerebellar cortices that are rela- 
tively larger than similarly sized brains of terrestrial mammals 
(Flanigan 1972). The cetacean cerebrum is globoid and the 
rostral lobes extend ventrally. Like higher primates, cetaceans 
have well-developed temporal lobes (ventrolateral aspects of 
the cortices) that make brain removal a challenge. The pinni- 
ped brain is similar in orientation to the canine brain, except 
for the larger cerebellum. 

In pinnipeds, the pineal gland is very large (up to 15 cm 
in diameter), especially in neonates (Bryden et al. 1986), and 
the size varies seasonally. The pineal gland is located on the 
dorsal aspect of the diencephalon between the thalami and 
may be attached to the falx cerebri when the calvarium is 
removed at necropsy. There are no published descriptions of 
the pineal in cetaceans, and whether or not it exists is unclear. 

The pituitary gland is relatively large in both cetaceans 
and pinnipeds (Harrison 1969b; Leatherland and Roland 1976, 
1978; Griffiths and Bryden 1986). It is located within a shal- 
low sella turcica in cetaceans and is surrounded by reams of 
blood vessels comprising the intracranial carotid rete. The 
pituitary can be easily located by its close, ventral juxtaposi- 
tion to the optic chiasm. In pinnipeds, it is often sheared off 
during removal of the brain, so care should be taken to cut 
the lip of bone partially covering it to remove it intact. 

The spinal cord of phocids is relatively shorter than that 
of otariids; only the cauda equina occupies the lumbar and 
sacral canal. The cauda equina of the harbor seal pup is 
similar to that of the dog, but as they grow older, the cord 
changes significantly. The cauda equina starts in the lum- 
bocaudal region in manatees. The region surrounding the 
cord—the vertebral canal—is significantly enlarged in seals, 
cetaceans, and sirenians. The neural canal is filled mostly 
with vascular tissue in seals and cetaceans, and mostly with 
venous and fatty tissue in manatees, except in the cervical 
region where vasculature dominates (Figure 7.5). Manatee 
brains have pronounced lissencephaly and large lateral ven- 
tricles (Reep et al. 1989). 


Circulatory Structures 


General Morphology 


In general, blood vessels are named for the regions they sup- 
ply or drain. Thus, the fully aquatic marine mammals (ceta- 
ceans and sirenians) lack femoral arteries, which supply the 
pelvic appendages. However, most organs in marine mam- 
mals are similar to those of terrestrial mammals, so their cen- 
tral blood supplies are also similar. 

The aorta (D-AOR) leaves the heart (D-HAR) as the 
ascending aorta, then forms the aortic arch (D-AAR) and 
roughly follows the vertebral column dorsal to the dia- 
phragm as the thoracic aorta, which gives off dorsal 
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intercostal arteries, and in the case of cetaceans and mana- 
tees, feed to the thoracic retia. A number of the intercostal 
arteries in the cranial thorax originate from the supreme 
intercostal artery, not directly from the aorta. Some of the 
segmental arteries of the dolphin anastomose at the base of 
the dorsal fin to form the single arteries that are arranged 
along the centerline of the dorsal fin (D-DFNaa). The aorta 
continues into the abdomen as the abdominal aorta, which 
gives off several paired (e.g., renal, gonadal) and unpaired 
(e.g., celiac, mesenteric) arteries. The caudal aorta follows 
the ventral aspect of the vertebrae in the tail; in the perma- 
nently aquatic marine mammals, the caudal vessels are large 
when compared with the vessels in species with small tails. 

In the dolphin, the caudal arteries branch into dorsal and 
ventral superficial arrays of arteries (D-FLKaa; Elsner et al. 
1974). In the permanently aquatic marine mammals, there 
are robust ventral chevron bones that form a hemal/chevron 
canal in which the caudal aorta, its terminal branches (median 
sacral/medial caudal artery), and some veins (the caudal vas- 
cular bundle, D-CVB) are protected. This site is convenient 
in some species for venipuncture; however, note that it is 
an arteriovenous plexus, so samples collected may be mixed 
arterial and venous blood. 

Some of the diving mammals (e.g., seals, cetaceans, and 
sirenians) have few or no valves in their veins (Rommel et al. 
1995); this adaptation simplifies blood collection because the 
blood can drain toward the site from both directions, although 
blood collection is complicated by the arteriovenous plex- 
uses described above. Other exceptions to the general pattern 
of mammalian circulation are associated with thermoregu- 
lation and diving. Countercurrent heat exchangers abound, 
and extensive arteriovenous anastomoses exist to permit two 
general objectives to be fulfilled: () regulating loss of heat to 
the external environment while keeping core temperatures 
high and (2) permitting cool blood to reach specific organs 
(e.g., testes and epididymides, ovaries and uteri) that can- 
not sustain exposure to high body temperatures (Rommel 
et al. 1992, 1994; Rommel, Pabst, and McLellan 1998; Pabst, 
Rommel, and McLellan 1999). Arteriovenous structures con- 
sistent with countercurrent heat exchangers have been noted 
in all cetacean (rostrum, dorsal fin, chevron canal, flukes, 
and tongue) and manatee (rostrum, mandible, chevron canal, 
pectoral flippers, and tongue) extremities and therefore likely 
play a crucial role in their ability to maintain homeostasis 
despite constantly changing thermal environments (Figures 
75 and 7.6). Epidural spaces throughout the vertebral col- 
umn of manatees and cetaceans contain extensive arteriove- 
nous epidural retia (EPR) also suggestive of the potential of 
countercurrent heat exchange (Figures 7.6 and 7.7). 

Mammals have three main options for blood supply to 
the brain: the internal carotid, the external carotid, and the 
vertebral arteries. Some species use only one and others two, 
but the manatees may use all three pathways as they remain 
patent throughout life. Cetaceans have a unique blood supply 
to the brain (D-BRN; Figure 7.7); although in fetuses and 


neonates, the internal carotid arteries are patent and play a 
role in supplying blood to the brain, they regress at or shortly 
after birth (Slijper 1936; Melnikov 1997). 

After that, blood to the brain must first enter the thoracic 
and cervical retia, which are expansive plexuses composed 
of convoluted arteries surrounding the cervical vertebrae 
and investing the dorsal wall of the thorax. Blood leaves 
these retia and enters the epidural space through the inter- 
vertebral foramina to supply the spinal/epidural retia, where 
it surrounds the spinal cord and enters the foramen magnum 
(Wilson 1879; McFarland, Jacobs, and Morgane 1979; Vogl 
and Fisher 1982). There are numerous working hypotheses 
regarding the function of this convoluted path to the brain, 
including that the following: (1) the elasticity of the retial 
system allows mechanical damping of the blood pulse pres- 
sure wave (McFarland, Jacobs, and Morgane 1979; Vogl and 
Fisher 1982; Shadwick and Gosline 1994); (2) the juxtaposi- 
tion of the thoracic retia to the dorsal aspect of the lungs 
may provide thermal control of blood entering the spinal 
retia (Rommel et al. 1993); (3) the progressive diminution in 
vessel caliber may act as a bubble trap that filters nitrogen 
bubbles out of blood before it reaches the central nervous 
system (Reidenberg and Laitman 2015); and (4) the epidural 
retia enable exchange of nitrogen between the blood and 
epidural fats to protect the CNS from dive-related embo- 
lization (Blix, Walloe, and Messelt 2013). Although some 
aforementioned hypotheses are better supported than oth- 
ers, exchange of heat between arteries and veins within the 
epidural retia is likely unavoidable if any thermal gradient 
exists. 

Carotid bodies, important in the regulation of blood flow, 
have been documented in the harbor seal (Clarke, de Burgh 
Daly, and Elsner 1986) and cetaceans (de Kock 1956, 1959). 


Clinically Relevant Structures 


Extensive venous structures are found associated with 
the ventral air sacs in the heads of odontocete cetaceans 
(Figure 7.8, Boenninghaus 1904; Costidis and Rommel 
2012; Costidis and Rommel 2016b) and should be a con- 
sideration when intraoral and/or pharyngeal clinical proce- 
dures are conducted. 

A series of air sacs (accessory sinus system) is present 
along the ventral aspect of the skull, representing an elab- 
oration of the middle-ear sinuses (Fraser and Purves 1960; 
Reidenberg and Laitman 2008). This accessory sinus system 
is connected to the nasal passages via the Eustachian tube. 
The morphology of the air sacs is quite variable, but follows 
a relatively predictable pattern. Ziphiids (beaked whales) and 
physeteroids (sperm whales, pygmy and dwarf sperm whales) 
have a simple, large pterygoid air sac on either side (Fraser 
and Purves 1960; Costidis and Rommel 2012, 2016a,b). The 
pterygoid sac has no discernable diverticulae or lobes, but 
is instead a roughly ovoid/elliptical structure. Conversely, 
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Figure 7.6 Panel showing location and appearance of numerous peripheral and more central vascular structures consistent with countercurrent heat 
exchange (CCHE) in the Florida manatee (Trichechus manatus /atirostris). All structures are shown in cross-sectional view except for the brachial vas- 
cular bundle (BVB) and intercostal vascular bundle shown from medial aspects. The only structure similar to vascular retia described in other mam- 
mals (e.g., cetaceans) is the epidural rete (EPR). All other structures are vascular bundles composed of roughly parallel, minimally branching vessels 
resembling a paintbrush. It is noteworthy that all extremities contain these vascular structures and likely have the ability to strictly regulate the amount 
of heat lost to the environment. The main CCHE structures in the face appear to be the infraorbital vascular bundle (IVB) coursing through the infra- 
orbital canal to the upper lips, and the mandibular vascular bundle (MAB) coursing through the mandibular foramen to the lower lip. Abbreviations: 
BVB = brachial vascular bundle; CVB = caudal vascular bundle; EPR = epidural rete; InVB = intercostal vascular bundle; IVB = infraorbital vascular 


bundle; MAB = mandibular alveolar vascular bundle. 


delphinids and phocoenids have pterygoid air sacs with 
numerous, often intricate lobes, specifically around the eye 
(pre- and postorbital lobes) and extending along the ven- 
tral surface of the maxillary bones (anterior lobe; Fraser and 
Purves 1960; Costidis and Rommel 2012). All these air sacs, 
whether the seemingly more basal ziphiid and physeteroid 
or more derived delphinid morphotype, are intimately juxta- 
posed to extensive venous structures such as venous plexuses 
and/or venous lakes believed to accommodate diving-related 
pressure changes within the adjacent air spaces (Costidis and 
Rommel 2012, 2016a,b). 

The lower jaws of cetaceans contain a large fatty struc- 
ture Gintramandibular fat body) believed to be responsible 
for conducting external sounds to the ears. These fat bod- 
ies have traditionally been thought of as homogeneous 
structures; however, research shows they have a significant 


vascular investment (Figure 7.5; Murie 1872, 1874; Costidis 
and Rommel 2012, 2016a,b). Although a venous plexus 
dominates the region, significant arterial investment sup- 
plies blood to the fatty tissue and mandibular teeth via the 
mandibular alveolar artery (Costidis and Rommel 2016a). 
Additionally, a large mandibular branch of the trigeminal 
nerve courses through the intramandibular fat body and 
innervates the region. Dental, oral and/or rostral surgical 
procedures should likely take these structures into con- 
sideration. Hemostatic procedures (e.g., cautery) may be 
required during invasive exploration of the region; how- 
ever, the effects of such procedures on the acoustic func- 
tions of the delicate intramandibular fat bodies should 
likely be considered. 

Peripheral vascular clinical access in cetaceans is lim- 
ited by the general paucity of anatomic knowledge. Vascular 
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Figure 7.7 Dorsal, left lateral, and ventral views of arterial volume renderings from postmortem computed tomographic angiography of a bottle- 

nose dolphin head and thorax conducted by Costidis and Rommel. Arterial structures are denoted in red. Shadows of bones are visible in light gray. 
Tympanoperiotic bones appear red due to their high density and the modality (threshold segmentation) used to render arterial structures. Planar clip- 
ping was used to eliminate background structures and simplify visualizations. Ventral structures were removed from dorsal view, right lateral struc- 
tures from left lateral view, and dorsal structures from ventral view. Nomenclature is based on cited historical literature and recent nomenclature rules 
described in Costidis and Rommel (2016a). Abbreviations: AOR = aorta; BCR = basicranial rete; BRP = brachial plexus (axillary artery); CCA = common 
carotid; CRR = carotid rete (intracranial); CVR = cervical rete; DAL = dorsal alveolar; DRS = dorsal segmental; EPR = epidural rete; INT = internal tho- 
racic; LCN = lateral circumnarial; LNG = lingual; LSI = left supreme intercostal; MAX = maxillary; MDA = mandibular alveolar; OCC = occipital; OPR = 
ophthalmic rete; RBC = right brachiocephalic; RIO = rostral infraorbital; SPM = spinal meningeal; THR = thoracic rete; Tym = tympanoperiotic bone. 
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Figure 7.8 Dorsal (A), left lateral (B), and ventral (C) views of venous volume renderings from postmortem computed tomographic angiography of a 
bottlenose dolphin head and thorax conducted by Costidis and Rommel. Blue structures represent venous structures. Dark blue structures represent 
larger veins with significant vascular contrast, while faint blue structures are small and large venous structures composed of small diameter veins. 
Note that due to tissue density-based threshold segmentation technique used for visualization, dense bones (e.g., dentaries and tympanoperiotic 
bones) appear blue. Planar clipping was used to eliminate background structures and simplify visualizations. Ventral structures were removed from 
dorsal view, right lateral structures from left lateral view, and dorsal structures from ventral view. Nomenclature is based on cited historical literature 
and recent nomenclature rules described in Costidis and Rommel (2016b). Abbreviations: CAU = caudal auricular; CVS = cavernous sinus; DFP = 
deep facial plexus; EVR = epidural venous rete; EXJ = external jugular; FAC = facial vein; FVP = fibrovenous plexus; IFP = intramandibular fat body 
plexus; INJ = internal jugular; ITC = intercostal; LBC = left brachiocephalic; MAX = maxillary; OPP = ophthalmic plexus; SBC = subclavian; SBM = 
submental; SGS = Sagittal sinus; SPC = superficial cervical; TDS = temporal dural sinus; THM = thymic; THR = thyroid; VCB = ventral cerebral; VVP 
= vertebral venous plexus. 
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access is usually restricted to superficial veins, and central 
arterial access is typically avoided. With the exception of 
the superficial veins in the flukes, peduncle, and dorsal fin, 
few modern clinical procedures have employed other vas- 
cular access sites. Interpretations of clinical measurements 
and blood parameters from peduncle and fluke blood draws 
should be made cautiously as arteriovenous juxtaposition is 
typical, and samples may contain mixed arteriovenous blood. 
Arteriovenous anastomoses also abound peripherally and 
may influence the presentation of blood parameters (.g., 
high oxygen, high pressure veins; Parry 1949; Scholander and 
Schevill 1955). Alternate sites to the superficial veins that have 
been explored on a limited basis have been brachiocephalic 
veins and intrahepatic venous catheterization. These sites 
require considerable anatomic knowledge, and in the case 
of intrahepatic catheterization, significant medical resources 
and expertise. 

Like cetaceans, manatees have a number of elaborate 
vascular structures; however, many of them take a different 
and seemingly more ordered shape than the retia found in 
cetaceans. With the exception of the intricate epidural retia, 
vascular clusters in manatees come in the form of vascular 
bundles rather than retia (Murie 1872; Fawcett 1942b). These 
structures resemble paintbrushes, in which a parent artery 
and/or vein branches into countless tributaries of similar 
diameter within a very short distance. Subsequent branch- 
ing is often minimized and there is minimal diminution in 
caliber. Such vascular bundles are typically arteriovenous in 
nature and can be found supplying all extremities, including 
the upper and lower lips of the mouth, the pectoral flippers, 
the fluke, and even the intercostal spaces along the dorsal rib 
arches (Figure 7.6; Murie 1872; Fawcett 1942b; Rommel and 
Caplan 2003). 

The cervical and thoracic spinal cord of cetaceans and 
manatees is largely surrounded by intricate and voluminous 
epidural retia (Figure 7.5). These retia are arteriovenous in 
nature and can present challenges when attempting to obtain 
samples such as cerebrospinal fluid as they can easily con- 
taminate samples with blood. 

In cetaceans, the submucosa of the pulmonary tree 
is heavily invested with a venous plexus. There is lim- 
ited knowledge of this plexus and its extent. However, it 
is clear that it can extend well into distal airways, and 
when engorged can occupy a significant portion of the 
luminal volume (Figure 7.5; Cozzi et al. 2005; Costidis 
and Rommel 2012; Davenport et al. 2013). The exact con- 
nections of this venous plexus to systemic venous circu- 
lation are uncertain; however, major connections in the 
bottlenose dolphin appear to be in the pharyngeal region 
and cranial mediastinal region (Rommel, unpubl. data). 
Although the functional role of the intrapulmonary venous 
plexus is unknown, invasive surgical and/or experimental 
(e.g., intubation) procedures involving the thorax or respi- 
ratory tree may benefit from recognition of the presence of 
such a plexus. 


Potential for Thermal Insult 
to Keproductive Organs 


Mammals maintain high and, in most species, relatively uni- 
form core temperatures. Because they live in water, which 
conducts heat 25 times faster than air at the same tempera- 
ture, many marine mammals have elevated metabolic rates 
and/or adaptations to reduce heat loss to the environment 
(Kooyman, Castellini, and Davis 1981; Costa and Williams 
1999). Aquatic mammals with low metabolic rates must 
live in warm water or possess even more elaborate heat- 
conserving structures. Most mammalian tissues tolerate lim- 
ited fluctuations in temperature, and some tissues, such as 
muscle, perform better at somewhat higher temperatures. 
However, reproductive tissues are particularly susceptible 
to thermal insult, and various mechanisms have evolved 
to protect them (VanDemark and Free 1970; Blumberg and 
Moltz 1988; Pabst et al. 1994, 1995). 

In terrestrial mammals, production and storage of viable 
sperm requires a relatively narrow range of temperatures. 
Temperatures between 35°C and 38°C can effectively block 
spermatogenesis (Cowles 1958, 1965). Abdominal tempera- 
tures can detrimentally affect long-term storage of spermato- 
zoa in the epididymides in many species (Bedford 1977). In 
many mammals, the scrotum provides a cooler environment 
by allowing the sperm-producing tissues to be positioned 
outside the abdominal cavity, away from relatively high core 
temperatures. Additionally, in scrotal mammals, the pampi- 
niform plexus can, via countercurrent heat exchange, reduce 
the temperature of arterial blood from the core to the tes- 
tes and help keep testicular temperature below that of the 
core (Evans 1993). The skin of the scrotum is well vascular- 
ized, has an abundance of sweat glands, and is highly inner- 
vated with temperature receptors. Muscles in the scrotal wall 
involuntarily contract and relax in response to cold and hot 
temperatures, respectively. The exposed scrotum provides 
a thermal window through which heat may be transferred 
to the environment, thereby regulating the temperature of 
sperm-producing tissues. 

Interestingly, the morphological adaptations for stream- 
lining observed in some marine mammals create potentially 
threatening thermal conditions for the reproductive systems 
of diving mammals. The primary locomotory muscles of ter- 
restrial mammals are appendicular, so much of the muscle’s 
locomotory heat energy is transferred to the environment 
rather than directed into the body cavities; this is not the case 
for ascrotal marine mammals, whose primary locomotory 
muscles surround the abdominal and pelvic cavities. 

A factor that may increase the core temperature of marine 
mammals is change in blood flow patterns during diving. 
Marine mammals can dramatically redistribute their cardiac 
output during dives, resulting in severely reduced blood flow 
to some body tissues, such as muscles and viscera (Elsner 
and Gooden 1983; Kooyman 1985). In terrestrial mammals, 
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redistributions of cardiac output in response to physiologic 
conditions such as exercise, feeding, thermoregulation, and 
pregnancy are relatively well known (Elsner 1969; Baker and 
Chapman 1977; Baker 1982; Blumberg and Moltz 1988). For 
example, in humans, large increases in muscle temperature 
(as high as 1°C per minute) have been measured during the 
ischemia at the onset of exercise (Saltin, Gagge, and Stolwijk 
1968). Surprisingly, the magnitude of routine cardiovascular 
adjustments undergone by marine mammals during prolonged 
dives (Elsner 1999) is approached in terrestrial mammals only 
during pathologic conditions such as hyperthermia and hypo- 
volemic shock. The axial locomotion of pinnipeds, cetaceans, 
and manatees requires a relatively large thermogenic muscle 
mass around the vertebral column and abdominal organs. 
Blubber insulates these thermogenic muscles, suggesting the 
potential for elevated temperatures at the reproductive sys- 
tems, particularly during the ischemia of prolonged dives. 
The temporary absence of cooling blood through locomo- 
tory muscles increases the probability of severe thermal 
consequences for the diving mammal. Abdominal, or partly 
descended, testes (cryptorchidism) result in sterility in many 
domestic mammals and humans. Ascrotal testes are typical 
for many marine mammals, such as phocid seals, dolphins, 
and manatees. There are vascular adaptations that prevent 
deep-body hyperthermic insult in cetaceans and phocids 
(Rommel, Pabst, and McLellan 1998). In dolphins, cooled 
venous blood is delivered to an inguinal countercurrent heat 
exchanger to indirectly cool the testes and epididymides 
(Rommel et al. 1992, 1994; Pabst et al. 1994, 1995), whereas in 
phocid seals, cooled venous blood is delivered to an inguinal 
venous plexus to directly cool the testes and epididymides. 
Similar structures prevent reproductive hyperthermic insult in 
females (Rommel et al. 1995). 

One additional vascular adaptation that may have sig- 
nificant influence on diving is the presence of cooled blood 
in the large vascular structures within the vertebral canal, 
adjacent to the spinal cord. The large epidural veins (dol- 
phins, seals, and manatees) and spinal retia (dolphins) may 
influence spinal cord temperature, and thus influence dive 
capabilities, by modifying regional metabolic rates (Rommel, 
Pabst, and McLellan 1993). The central nervous system is tem- 
perature-sensitive, and lowering cord temperature influences 
global metabolic responses. 


Skeleton 


Knowledge of the skeleton offers landmarks for soft tissue 
collection and provides an estimate of body size from partial 
remains. Traditionally, the postcranial skeleton is subdivided 
into axial components (the vertebral column, ribs, and sterne- 
brae, which are “on” the midline) and appendicular compo- 
nents (the forelimbs, hind limbs, and pelvic girdle, which are 
“off” the midline). The scapulae and humeri of the forelimbs 
are indirectly attached to the body, essentially by tensile 


elements (muscles and tendons); in contrast, the hind limbs 
are attached via a pelvis directly to the vertebral column, and 
thus are able to transmit both tension and compression to the 
body. 

The skeleton supports and protects soft tissues, controls 
modes of locomotion, and determines overall body size and 
shape; the marrow of some bones may generate the precur- 
sors of certain blood cells. While the animal is alive, bones 
are continuously remodeled in response to biochemical and 
biomechanical demands and, thus, offer information that can 
help biologists interpret events in the life history of the ani- 
mal after its death. Skeletal elements contribute to fat (par- 
ticularly in the cetaceans) and calcium (particularly in the 
sirenians) storage and thus influence buoyancy. 

The sea lion propels itself through the water by its fore- 
limbs, and its skeletal components are relatively massive in 
that region. On land, its forelimbs can act as fulcra for shift- 
ing the center of mass by changing the shape of its neck and 
the trunk (for more, see English 1976a,b, 1977). The perma- 
nently aquatic species locomote with a dorsoventral motion 
of the trunk and elongated tail. This dorsoventral motion of 
the axial skeleton is characteristic of almost all mammalian 
locomotion. In contrast, the seal uses lateral undulations of 
its trunk and hind flippers when swimming (like a fish), yet it 
may locomote on land with dorsoventral undulations, like its 
terrestrial ancestors. 

Relative motion between vertebrae is controlled, in part, 
by the size and shape of the intervertebral disks. The inter- 
vertebral disks resist the compression that skeletal muscles 
exert and tend to force vertebrae together. Intervertebral 
disks are composite structures, with a fibrous outer ring, the 
annulus fibrosus, and a semiliquid inner mass, the nucleus 
pulposus. The outermost fibers of the annulus are continuous 
with the fibers of the periosteum. The flexibility of the verte- 
bral column depends, in part, on the thickness of the disks. 
Intervertebral disks are a substantial proportion (10-30%) of 
the length of the postcranial vertebral column. The inter- 
vertebral disks provide flexibility but are not “responsible” for 
the general curvature of the spine—the nonparallel vertebral 
body faces provide the spinal curvature. 

For convenience, the vertebral column is separated into 
five regions, each of which is defined by what is or is not 
attached to the vertebrae. These regions are cervical, tho- 
racic, lumbar, sacral, and caudal. In some species, the distinc- 
tions between vertebrae from each region are unambiguous. 
However, in some other species, the distinctions between 
adjacent regions are less obvious. This is particularly true in 
the permanently aquatic species, where there is little or no 
direct connection between the pelvic vestiges and the verte- 
bral column. 

The vertebral formula varies within, as well as among, 
species. The number of vertebrae, excluding the caudal ver- 
tebrae, is surprisingly close to 30 in most mammals (Flower 
1885). Most mammals have seven cervical, or neck, vertebrae 
(sirenians and two-toed sloth have six and the three-toed 
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sloth has nine), whereas the number of thoracic and lumbar 
vertebrae varies between species. The number of sacral ver- 
tebrae is commonly two to five, but there are exceptions. The 
number of caudal vertebrae varies widely—long tails usually 
have numerous caudal vertebrae. 

The cervical vertebrae are located cranial to the rib- 
bearing vertebrae of the thorax. Some cervical vertebrae have 
movable lateral processes known as cervical ribs, none of 
which make contact with the sternum. Typically, the perma- 
nently aquatic marine mammals have short necks, even if they 
have seven cervical vertebrae. However, the external appear- 
ance of a short neck in seals is misleading. Close comparison 
of the seal and sea lion skeletons reveals that they have quite 
similar neck lengths, although the distribution of body mass 
is different. Seals often hold their heads close to the thorax, 
which causes a deep “S” curve in the neck. This provides the 
seals with a “slingshot potential” for grasping prey (or careless 
handlers). The shapes of the seal neck vertebrae are com- 
plex in order to allow this curve. Serial fusion (ankylosis) of 
two or more cervical vertebrae is common in the cetaceans, 
although in some cetaceans (e.g., the narwhal, beluga, and 
river dolphins), all the cervical vertebrae are unfused and pro- 
vide considerable neck mobility. 

The rib-bearing vertebrae are the thoracics, and the tho- 
racic region is defined by the presence of movable ribs. We 
distinguish between vertebral ribs (E-VBR), which are associ- 
ated with the vertebrae, and “sternal ribs” (E-SBR), which are 
associated with the sternum. We make this distinction because, 
some odontocetes, unlike most other mammals, have bony 
rather than cartilaginous sternal ribs (bony “sternal ribs” are 
also found in the armadillo). “Costal cartilages” is an accept- 
able alternative term for “sternal ribs,” as the “sternal ribs” are 
never ossified (calcification with old age does not count). 

Some thoracic vertebrae have ventral vertebral projections 
called hypapophyses (see the manatee, E-HYP)—not to be 
confused with chevron bones, which are intervertebral and not 
part of the caudal vertebrae. In the manatee, the diaphragm 
is firmly attached along the midline of the central tendon to 
hypapophyses. Hypapophyses also occur in some cetaceans 
(e.g., the pygmy and dwarf sperm whales, Kogia), in the caudal 
thorax and cranial lumbar regions. It is assumed that these 
hypapophyses increase the mechanical advantage of the hyp- 
axial muscles much as the chevrons do (Rommel 1990). 

The spinous processes (E-NSP) of thoracic vertebrae of 
many mammals are often longer than those in any other region 
of the body. Long neural spines provide mechanical advan- 
tage to neck muscles that support a head cantilevered in front 
of the body. Terrestrial species with large heads tend to have 
long neural spines, but in aquatic mammals, the buoyancy 
of water negates this reason for long neural spines. In addi- 
tion to long spinous processes, the transverse processes of 
cetacean vertebrae are also long, and the space between the 
spinous and transverse processes is filled with robust epaxial 
musculature that powers the upstroke portion of their axial 
locomotion. Fiber type of cetacean epaxial muscles appears 


to be correlated with diving ability and strategy, with slow, 
deep divers (e.g., beaked whales) primarily composed of fast- 
twitch (type ID fibers, and “sprinting” deep divers (e.g., pilot 
whales) having up to one-third of slow-twitch, oxidative, gly- 
colytic fibers (Velten et al. 2013). Interestingly, mitochondrial 
content in beaked whale epaxial muscle is the lowest of any 
previously reported in a mammal and appears to be part of 
a broader strategy of inexpensive tissue construction (inex- 
pensive body hypothesis; Pabst, McLellan, and Rommel 2016). 


Ribs 

Embryologically, ribs and transverse processes develop from 
the same precursors. Thus, some aspects of ribs are similar 
to those of transverse processes (E-T'PR). It is the formation 
of a movable joint that distinguishes a rib from a transverse 
process. An unfinished joint may be indicative of develop- 
mental age. In some species (e.g., the manatee), there may be 
a movable “rib” (pleurapophysis) on one side and an attached 
“transverse process” on the other side of the same (typically 
the last thoracic) vertebra (Rommel and Reynolds 2000). 

Ribs may attach to their respective vertebrae at one or 
more locations (e.g., centrum, transverse process). Typically, 
the cranial-most ribs have two distinct regions of articulation 
(capitulum and tuberculum) with juxtaposed vertebrae, and 
are referred to as double-headed. The caudal-most ribs have 
single attachments and are referred to as single-headed. In 
most mammals, the single-headed ribs have lost their tuber- 
cula and are attached to their vertebrae at the capitulum on 
the centrum. In contrast, the single-headed ribs of cetaceans 
lose their capitula and are attached to their respective verte- 
brae by their tubercula on the transverse processes (Rommel 
1990). The last ribs (E-LRB) often “float” free from attach- 
ment at one or both ends; these ribs tend to be significantly 
smaller than the ones cranial to them, and they are often lost 
in preparation of the skeleton. 

The ribs of some marine mammals are more flexible than 
those of their terrestrial counterparts; this flexibility is a result 
of the composition (e.g., proportion of cancelous bone and 
amount of associated articular cartilage), an adaptation to 
facilitate diving. Ribs are illustrated in layer E in the correct 
posture for a healthy animal. Note that all illustrated species 
but the manatees have oblique angles between the rib shaft 
and the long axis of the body. As the hydraulic pressures 
increase with depth, the ribs rotate to avoid overbending with 
changes in thoracic cavity volume. 


Sternum 


The sternum (D, E-STR) is formed from bilaterally paired, serial 
elements called sternebrae. The paired elements fuse on the 
midline, occasionally imperfectly, leaving foramina in the ster- 
num. The cranial-most sternal ribs (E-SRB, also called costal 
cartilages) extend from the vertebral ribs to articulate firmly 
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with the sternum at the junctions between sternebrae. The first 
sternal rib articulates with the manubrium (C, D-MAN) cranial 
to the first intersternebral joint. The manubrium may have an 
elongate cartilaginous extension (e.g., in seals), and the first 
sternal rib is often different from the more caudal sternal ribs 
(typically larger and more robust). In some mysticetes, only the 
manubrium is formed, and only the first rib has a bony attach- 
ment to it. The subsequent ribs articulate with a massive car- 
tilaginous structure that extends from the caudal aspect of the 
manubrium (which may be referred to as a pseudosternum). 
The xiphoid process (E-XIP, last sternabra) is also different; it 
too may articulate with more than one (often many) sternal 
rib(s) and have a large cartilaginous extension. 


Post-Thoracic Vertebrae 


Some authors avoid the difficulties of defining the lumbar, 
sacral, and caudal regions in the permanently aquatic species 
by lumping them into one category—the post-thoracic verte- 
brae; by “lumping,” these authors avoid some interesting com- 
parisons. Generally, the lumbar vertebrae are trunk vertebrae 
that do not bear ribs, and the number of lumbar vertebrae is 
closely linked to the number of thoracic vertebrae, but not 
always. Note that the caudal vertebrae of cetaceans start with 
the start of the chevron bones, and extend to the tip of the tail 
(fluke notch, A-NOC), whereas manatee vertebrae stop 3—9% 
of the total body length (as much as 17 cm in a large speci- 
men) from the fluke tip (E-LVR). 


Sacral Vertebrae 


There are at least two commonly accepted definitions for 
sacral vertebrae: (1) serial fusion of post-lumbar vertebrae, 
only some of which may attach to the pelvis (the human os 
sacrum), and (2) only those that attach to the ilium, whether 
or not they are serially fused. Both definitions have merit. 
Within species, the number of serially ankylosed vertebrae 
may vary, particularly with age. Additional landmarks are the 
exit of spinal nerves from the neural canal and the foramina 
for segmental blood vessels. In species with a bony attach- 
ment between the vertebral column and the pelvis, the defi- 
nition of sacral is easy. However, in the cetaceans and some 
sirenians (dugongs and some cetaceans have a ligamentous 
attachment between the vertebral column and the pelvic ves- 
tiges), there are no sacrals by definition. 


Chevron Bones 


The chevron bones are ventral intervertebral ossifications in 
the caudal region. By definition, each is associated with the 
vertebra cranial to it (note that there is some controversy over 
which is the first caudal; Rommel 1990). Chevron bone pairs 
are juxtaposed (in manatees) or fused (in dolphins, but not 
always) at their ventral apexes, and articulate dorsally with 
the vertebral column to form a triangular channel. Within the 


channel (hemal canal), the blood vessels are found to and 
from the tail. In some species, the ventral aspects of each 
chevron bone fuse and may continue as a robust ventral pro- 
tection that can function to increase the mechanical advan- 
tage of the hypaxial muscles to ventroflex the tail. In some 
individuals, the first two or three chevrons may remain open 
ventrally but fuse serially on either side. 


Pectoral Limb Complex 


The forelimb skeleton includes the scapula, humerus, radius 
and ulna, and manus. The scapula is attached to the axial 
skeleton only by muscles. There is no functional clavicle in 
the marine mammals (Strickler 1978, Klima, Oeleschlager, 
and Wunsch 1980). The scapula consists of an essentially flat 
(slightly concave medially) blade with an elongate scapular 
spine extending laterally from it. The distal tip of the spine, 
if present, is the acromion. The scapular spine is roughly in 
the center of the scapular blade in most mammals. However, 
in cetaceans, the scapular spine is close to the cranial margin 
of the scapular blade, and both the acromion and coracoid 
extend beyond the leading edge of the blade. 

The humerus (E-HUM) has a ball-and-socket articulation 
in the glenoid fossa of the scapula—this is a very flexible 
joint. The humerus articulates distally with the radius (E-RAD) 
and ulna (E-ULN); this is also a flexible joint in most other 
mammals, but it is constrained in cetaceans. The olecranon is 
a proximal extension of the ulna that increases the mechani- 
cal advantage of the triceps muscles that extend the forelimb. 
In species like the sea lion, the olecranon is robust; however, 
in the cetacea, it is relatively small. The radius and ulna of 
manatees fuse at both ends as the animal ages. This fusion 
prevents axial twists that pronate and supinate the manus. 
The radius and ulna of cetaceans are also constrained, but 
not typically fused. 

The distal radius and ulna articulate with the proximal 
aspect of the manus. The manus includes the carpals, meta- 
carpals, and phalanges (English 1976a). There are five “col- 
umns” of phalanges, each of which is called a digit. The digits 
are numbered starting from the cranial aspect (the thumb; 
associated with the radius). 

In many marine mammals, the “long” bones of the pecto- 
ral limb Chumerus, radius, and ulna) are relatively short, and 
the phalanges are elongated. Cetaceans are unique among 
mammals in that they have more than the maximum number 
of phalanges found in all other mammals; this condition is 
known as hyperphalangy (Howell 1930). The number varies 
within each species—the bottlenose dolphin has a maximum 
number of nine. 


Pelvic Limb Complex 


The typical mammalian pelvis is made of bilaterally paired 
bones: ilium, ischium, pubis and acetabular bone (the paired 
ossa coxarum), 1-3 caudal vertebrae, and the sacrum. Each 
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of the halves of the pelvis attaches (via the ilium) to one 
or more sacral vertebrae. The crest of the ilium (C E-ILC) 
is a prominent landmark that flares forward and outward 
beyond the region of attachment between the sacrum and 
the ilium. The ossa coxarum joins ventrally along the midline 
at the pelvic symphysis, which incorporates the pubic bone 
cranially and the ischiatic bone caudally. In the permanently 
aquatic marine mammals, there is but a vestige of a pelvis 
(E-PEL) to which portions of the rectus abdominis muscles 
(B-REC) may attach. Additionally, the crura of the penis may 
be supported by these vestiges (Fagone, Rommel, and Bolen 
2000). In some of the large whales, there is occasionally a 
vestige of a hind limb articulating with the pelvic vestige. 

The hind limb, if present, articulates with the vertebral 
column via a ball-and-socket joint at the hip. The proximal 
limb bone is the femur (C, E-FEM). The socket of the pelvis, 
the acetabulum, receives the head of the femur. Distally, the 
femur articulates with the tibia and the fibula (as the stifle 
joint). The tibia and fibula distally articulate with the pes, 
or foot. The pes is composed of the tarsals proximally, the 
metatarsals, and the phalanges distally. Note that the digits of 
the sea lion terminate a significant distance from the tips of 
the flipper. 


Sexual Dimorphisms 


In many mammals, the adult males are larger than the 
adult females. In marine mammals, this size difference is at its 
extreme in otariids, elephant seals, and sperm whales. In con- 
trast, the adult females of the baleen whales and some other spe- 
cies are larger than the adult males. In the permanently aquatic 
marine mammals, there may be sexual dimorphisms in the pel- 
vic vestiges (Fagone, Rommel, and Bolen 2000). The penises of 
mammals are supported by crura consisting of a tough outer 
component (tunica albuginea) and the cavernous erectile central 
component (corpus cavernosum), which attach to the ischiatic 
bones of the pelvis. The muscles that engorge the penis with 
blood are also attached to the pelvis. Presumably, the mechani- 
cal forces associated with these muscles influence pelvic vestige 
size and shape, particularly in manatees. 

Males in some groups of mammals, particularly the carni- 
vores, have a bone within the penis (the baculum) that helps 
support the penis. Growth rate of the os penis differs from 
that of the appendicular skeleton in some species (Miller, 
Stewart, and Stenson 1998). 


Bone Marrow 


Bone marrow of cetaceans is vertebral as well as costal. 
Because the marrow cavity of the bones of marine mammals 
generally retains abundant trabecular bone throughout life, 
it is best to examine the marrow histologically via impres- 
sion smears of cut surface or in decalcified sections. Most 


manatee bones are amedullary (Fawcett 1942a), so useable 
marrow impression smears are restricted to vertebrae. 
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Introduction 


Endocrine systems regulate and integrate physiological sys- 
tems to maintain homeostasis during dynamic changes in 
environmental conditions or organismal demands. These 
changes can include photoperiod, temperature, nutrient and 
water availability, exercise, and reproduction. Hormones are 
chemical messengers secreted into circulation by endocrine 
glands and tissues. These chemical messengers interact with 
receptors on target cells that alter gene expression, or acti- 
vate second messenger systems that modify cellular function. 
Endocrine systems are typically regulated through stimula- 
tory and negative feedback mechanisms, often involving sep- 
arate endocrine glands in a cascading sequence of hormone 
release originating from central neurological structures. Other 
internal biochemical stimuli, such as changes in blood glu- 
cose or electrolyte concentrations in plasma, are also capable 
of directly eliciting endocrine responses from the structures 
that are responsible for maintaining those constituents within 
appropriate physiological limits. In general, endocrine systems 
in marine mammals follow the basic organization and bio- 
chemical characteristics typical of other mammals. However, 
the unique physiological challenges faced by marine mam- 
mals as part of their life histories have led to some important 
differences from terrestrial mammals that are of interest to 
both researchers and clinicians. The extensive and growing 
work on the stress responses (see Chapter 9) and reproduc- 
tive endocrinology (see Chapter 10) of marine mammals is 
reviewed in separate chapters. 

Information on the function of endocrine systems is criti- 
cal to understanding the physiological adaptations that allow 
marine mammals to maintain homeostasis in a challenging 
physical environment. Extended fasting during periods of high 
nutrient demands, exercising during breath-holds, and living 
in an osmotically and thermally challenging environment 


CRC Handbook of Marine Mammal Medicine 137 


138 Endocrinology 


require fine control of metabolism and organ systems by hor- 
mones. Similarly, development, seasonal reproduction, and 
in some species, molting require coordinated control of cel- 
lular, tissue, and organ systems by hormones. Failure of these 
systems in response to chronic stress, pollutants, or toxins 
can compromise individual health and survival. The ability to 
measure hormone concentrations in blood and other matrices 
represents an important window into individual health and 
can provide critical information for assessing health of wild 
marine mammal populations and guiding corrective therapy 
in captive animals. Although, in comparison to terrestrial 
mammals, there is a paucity of information on primary endo- 
crinopathies in marine mammals, dysfunction in endocrine 
regulation provides important information about the physi- 
ological perturbations that can lead to secondary disorders in 
regulation by endocrine axes. 


Sample Collection and Handling 


Blood 


The gold standard for analysis of hormone concentrations 
is to make measurements directly from blood samples. 
Measurements from serum or plasma provide direct informa- 
tion on hormone release and bioavailability to target tissues. 
Serum is usually the preferred matrix for most immune-based 
assays (e.g., radioimmunoassays or enzyme immunoassays), 
but specific assay platforms also allow use of heparinized 
plasma. Ethylenediaminetetraacetic acid (EDTA) plasma 
samples are frequently identified as unsuitable by individual 
assay platforms of some hormones but may be optimal for 
measurement of some peptide hormones that require pro- 
tection from proteases. Some assay platforms are impacted 
by the highly lipemic samples characteristic of postprandial 
animals. When compounds in samples interfere with assays, 
so-called “matrix effects” can be prevented by extraction of 
the compound of interest prior to measurement. 

Data from captive animals suggest diel patterns in hor- 
mone release for some hormones, like cortisol (Gardiner 
and Hall 1997; Oki and Atkinson 2004). However, these pat- 
terns appear to be less evident or absent in wild individuals 
of some species, suggesting potential entrainment to feed- 
ing cycles in captivity. In any case, time of sampling should 
be standardized if possible, and recorded, due to the labile 
nature of some hormones and confoundment by diel varia- 
tion. For example, peptide hormones are often secreted in a 
pulsatile fashion and are rapidly cleared, making it difficult to 
accurately define baseline concentrations. 

Aside from the timing of collection, the postcollection 
handling of samples may also affect accuracy in measuring 
hormone concentrations. Many hormones, particularly lipo- 
philic hormones like steroid and thyroid hormones, are sta- 
ble for several days when refrigerated prior to freezing. In 
contrast, small peptide hormones can degrade rapidly due 


to proteolysis when samples are near physiological tempera- 
tures. For example, catecholamines degrade relatively rap- 
idly even when refrigerated, due to the actions of circulating 
monoamine-oxidase. Thus, when appropriate to the analysis 
platform, use of protease-inhibitor cocktails and sampling in 
EDTA tubes may help protect peptide hormones from deg- 
radation. Further, blood samples should be kept cold after 
clotting, and centrifuged as soon as is logistically feasible. 
Samples are stable when frozen at —80°C for months or years 
depending on the hormone. Repeated thawing of frozen sam- 
ples, however, can lead to significant degradation, and care 
should be taken to track the number of freeze/thaw cycles for 
an individual sample. Because blood is difficult or impossible 
to collect for many wild marine mammal species, consider- 
able effort has been expended in finding alternative matrices 
for measurement of hormones or their metabolites. 


Feces 


When blood sampling is not feasible or when handling and 
sampling are likely to produce alterations in baseline concen- 
trations of hormones (e.g., artifacts from capture or chemi- 
cal immobilization), measurement of hormone metabolites 
in feces provide an alternative matrix with which to exam- 
ine variations in lipophilic hormones. Feces can be collected 
noninvasively from wild and captive animals through inciden- 
tal collections, and can be obtained through voluntary partici- 
pation of some species in captive environments. Fecal steroid 
metabolites frequently occur in greater concentrations than 
their respective circulating hormones, reflecting an accumula- 
tion of excreted hormones (Wasser 1994). Field collection of 
feces from the ground or water surface may be feasible, but 
linking the sample to an individual animal may be difficult or 
impossible to do, resulting in loss of contextual data needed 
to interpret the sample. However, specific fecal metabolites 
may be useful for identifying gender, age class, and repro- 
ductive state of the individual (Mashburn and Atkinson 2004, 
2007; Hunt et al. 2006). 

When conducting fecal hormone analysis, consideration 
should be given to the types of metabolites that are excreted, 
the effects of environmental exposure on metabolite degra- 
dation, and the potential for cross-reactivity with other com- 
pounds during immunoassays (Hunt et al. 2006). Likewise, 
additional research is also required to determine the time 
course of metabolite excretion given that there is poten- 
tially considerable variability in the gut transit times and 
in the rates of excretion of the metabolites among marine 
mammal species (Goodman-Lowe, Atkinson, and Carpenter 
1997, Bodley, Mercer, and Bryden 1999; Kastelein, Staal, 
and Wiepkema 2003; Keech et al. 2010). There is evidence 
that fecal metabolites of lipophilic hormones best reflect 
concentrations of unbound, bioavailable hormones. These 
“free” hormones are mostly those metabolized in the liver, 
whereas bound lipophilic hormones are biologically inactive 
and are not metabolized (Sheriff, Krebs, and Boonstra 2010; 
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Breuner, Delehanty, and Boonstra 2013). Counterintuitively, 
bottlenose dolphins (Jursiops truncatus) fed hydrocortisone 
exhibited an inverse relationship between serum cortisol 
and fecal cortisol metabolites, suggesting strong effects of 
clearance metabolism on fecal metabolite concentrations 
(Champagne et al. 2016). Thus, fecal hormone metabolites of 
lipophilic hormones may not reflect quantitative measures 
of total hormone concentrations in serum, if the hormone- 
binding capacity of the plasma or the kinetics of clearance 
varies. However, despite these limitations, numerous studies 
have demonstrated the utility of fecal samples for assess- 
ing variation in lipophilic hormones. For example, fecal 
glucocorticoid metabolites demonstrated a potential stress 
impact of ocean noise on right whales (Eubalaena glacialis, 
Rolland et al. 2012) and allowed associations of cortisol with 
nutritional stress and disturbance to be assessed in killer 
whales (Ayres et al. 2012). Likewise, in captive Steller sea 
lions (Eumetopias jubatus), fecal hormone metabolites were 
used to assess impacts of chemical stimulation, surgery, and 
rehabilitation procedures on adrenal and thyroid function 
(Mashburn and Atkinson 2004; Petrauskas et al. 2008; Keech 
et al. 2010). 


Urine 


Urine is another biological matrix that allows measurements 
of excreted hormones and their metabolites. Urine samples 
have been used extensively to monitor reproductive pro- 
cesses in captive cetaceans (Walker et al. 1987, 1988; Robeck 
et al. 1993). Urinary measurements of hormones in terrestrial 
mammals are frequently standardized to creatinine levels to 
account for differences in urinary concentration (Atkinson 
and Williamson 1987). However, such standardization may 
be complicated in marine mammals due to unusually high 
variation in renal filtration and resultant rates of creatinine 
excretion compared to terrestrial mammals (Crocker et al. 
1998). Most urinary endocrine research has focused on cap- 
tive marine mammals, and because some peptide hormones, 
such as the catecholamines, can be excreted directly in urine 
(Li et al. 2014), this sample matrix can allow characterization 
of some hormones that require noninvasive collections. 


Saliva and Blow 


Cortisol concentrations in saliva are strongly correlated with 
serum cortisol in humans (Teruhisa et al. 1981). In marine 
mammals, saliva has been used to monitor sex hormones and 
reproductive state (Pietraszek and Atkinson 1994; Theodorou 
and Atkinson 1998; Hogg, Vickers, and Rogers 2005). 
However, in some cases, measurements from saliva were not 
considered an applicable proxy for serum hormone values 
when compared directly (Atkinson et al. 1999). Nevertheless, 
based on success in other systems and in the isolation of 
other steroid hormones in marine mammals, there is potential 
for using saliva to obtain relevant information on variation 


in some hormones. Saliva samples should be frozen prior to 
assay to precipitate mucins. 

Another emerging matrix for the measurement of hor- 
mones is in condensed droplets of respiratory vapor or 
“blow.” Recent work quantifying hormones in whale blow 
has demonstrated the potential for using this collection 
method for the analysis of a variety of lipophilic hormones 
including adrenal steroids, reproductive steroids, and thy- 
roid hormones (Hogg et al. 2009; Hunt et al. 2014). Although 
easily collected with cetaceans under human care, proce- 
dures for capturing blow in wild cetaceans require signifi- 
cant validation work on techniques that allow acquisition 
of adequate samples from species of interest and methods 
for quantifying variable contamination of samples with sea- 
water (Acevedo-Whitehouse, Rocha-Gosselin, and Gendron 
2010; Hunt et al. 2013, 2014). 


Blubber 


An invasive, but important, sample matrix for measurement 
of lipophilic hormones in wild marine mammals is blubber 
samples obtained from dart or other forms of biopsy. This 
approach has been used to quantify reproductive status and 
to demonstrate variation in cortisol levels between strand- 
ing and bycatch mortalities (Mansour et al. 2002; Kellar et al. 
2006, 2009, 2015). Blubber cortisol concentrations in bot- 
tlenose dolphins qualitatively reflected serum values after 
hydrocortisone administration (Champagne et al. 2016). In 
harbor seals (Phoca vitulina), blubber cortisol concentra- 
tions were shown not to be significantly affected by capture 
time, and to vary during periods of fasting (Kershaw and Hall 
2016), suggesting utility for avoiding handling artifacts in pho- 
cids. While this sampling matrix shows enormous potential 
for quantifying lipophilic hormones in hard-to-sample wild 
marine mammals, there are still numerous issues that need to 
be investigated to allow robust interpretation of quantitative 
values. One important issue is the potential impact of highly 
stratified blubber and variation in biopsy depth. One study 
showed significant increases in cortisol with blubber depth 
in beluga whales (Delphinapterus leucas, Trana et al. 2015). 
Another study showed no variation in blubber progesterone 
levels with depth of biopsy in several species of delphinids 
(Kellar et al. 2006). Similarly, the impacts of variable vascu- 
larization of blubber and differences in lipophilicity of hor- 
mones on blubber measurements are not well understood. 
Blubber progesterone concentrations can be an order of mag- 
nitude higher than serum concentrations, suggesting accumu- 
lation of unbound progesterone in blubber over time due to 
its highly lipophilic nature (Kellar et al. 2006). 


Hypothalamus-Pituitary 


The endocrine connections linking higher centers of the cen- 
tral nervous system through and to the pituitary gland have 
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received little detailed study in marine mammals and are pre- 
sumed to function in a fashion similar to those in most other 
mammals. The organization of the pituitary gland itself is 
unremarkable, with distinguishable regions comparable to the 
pars distalis (@adenohypophysis, anterior pituitary), pars ner- 
vosa (neurohypophysis, posterior pituitary), and pars interme- 
dia (Harrison 1969). Immunohistochemical techniques have 
been used to identify the primary cell types that are typical 
of other mammals (Leatherland and Ronald 1978; Bryden et 
al. 1994). 

Material derived from commercial whaling operations 
afforded the opportunity to isolate and characterize several 
adenohypophyseal hormones—adrenocorticotropic hormone 
(ACTH), thyroid-stimulating hormone (TSH), growth hor- 
mone (GH), luteinizing hormone (LH), and prolactin (PRL)— 
in a variety of mysticetes and also sperm whales (Physeter 
catadon) (Kawauchi, Muramoto, and Ramachandran 1978; 
Tsubokawa, Kawauchi, and Li 1980). Considerable homol- 
ogy exists between the cetacean forms and those in other 
mammals. In fact, the amino acid sequence for ACTH from 
fin whales was found to be identical to that of humans 
(Kawauchim, Muramoto, and Ramachandran 1978). 

Despite this homology, measurements of circulating 
pituitary hormones in marine mammals have been relatively 
rare. Plasma ACTH concentrations have been reported for 
captive and wild bottlenose dolphins, beluga whales, mana- 
tees (Trichechus manatus latirostris), and wild elephant seals 
(Mirounga angustirostris,; Ortiz and Worthy 2000; Schmitt et 
al. 2010; Houser, Yeates, and Crocker 2011, Tripp et al. 2011; 
Ensminger et al. 2014). Commercial ACTH preparations for 
veterinary diagnostics have shown good efficacy in stimulat- 
ing corticosteroid release in a wide variety of species. In con- 
trast, commercially available reagents for measuring human 
TSH appear to be ineffective in detecting the hormone in 
many cetacean species, including belugas and bottlenose 
dolphins, but were validated for use in elephant seals (Ortiz 
et al. 2003a). Bovine TSH has been effective in stimulating 
a strong thyroid response in several species of otariids and 
seals (Yochem et al. 2008; Keech et al. 2010). 

Growth hormone (GH) is a homeorhetic adenohypophy- 
seal hormone that coordinates diverse physiological processes 
that mobilize nutrients for metabolism of milk production, 
promotes lean tissue accumulation, and inhibits use of nutri- 
ents by adipose tissue. Immunoassay platforms for GH that 
use porcine GH antibodies have been validated for numerous 
marine mammal species (Ortiz et al. 2003a; Richmond and 
Zinn 2009). Dramatic elevations in GH levels during devel- 
opmental fasting or lactation have been reported in elephant 
seals (Ortiz et al. 2003a; Fowler et al. 2016), but conspecif- 
ics undergoing fasts at different life history stages showed 
no increases during fasting (Crocker et al. 2012; Kelso et al. 
2012). Despite this, individual variation in GH concentrations 
was negatively associated with protein catabolism (Kelso 
et al. 2012). GH levels decline markedly during realimentation 
in harbor seals (Richmond, Norris, and Zinn 2010). 


Neurohypophyseal hormones principally include oxyto- 
cin (OT) and arginine vasopressin (AVP). The latter will be 
reviewed in a subsequent section for its role in water balance. 
OT enhances smooth muscle contraction and plays a key role 
in parturition and milk flow during nursing. Oxytocin’s struc- 
ture and function are widely conserved across mammalian 
mothers. Injections of 15 to 50 IU of commercially available, 
synthetic hormone have been used to facilitate the collec- 
tion of samples for studies on the energetic value and proxi- 
mate content of milk from pinnipeds (Iverson et al. 1993). The 
effectiveness of the homologue suggests similarities in the 
role played by this hormone in pinnipeds and other mam- 
mals. A recent investigation showed that maternal oxytocin 
concentrations in gray seals (Halichoerus grypus) influenced 
mother-infant proximity (Robinson et al. 2015). This suggests 
a similar role for oxytocin in modulating social behavior as is 
demonstrated in some species of terrestrial mammals. 


Adrenal Hormones 


The adrenal gland of marine mammals conforms to the same 
general architecture noted in terrestrial mammals, with a cate- 
cholamine-secreting medulla surrounded by a steroid-producing 
cortex. A prominent difference is the pseudolobulation of 
the cortex produced by septae of fibrous tissue arising from 
the capsule; these lobules are most extensively developed in 
cetaceans. The cortex is particularly well developed in fetal 
harbor seals, as a possible adaptation to precocious behavior 
and physiological accommodation in the neonate (Amoroso 
et al. 1965; Sucheston and Cannon 1980). Within the adre- 
nal cortex, the outermost layer, or zona glomerulosa, is most 
expansive, suggesting that the need to produce aldosterone 
for electrolyte homeostasis is critical at that time. 

Only a handful of studies have examined catecholamine 
function and physiology in marine mammals. Most studies 
have examined the role catecholamines play in regulating 
the dive response (see Chapter 6 and details in the sec- 
tion on diving below). Potential impacts of stress on catechol- 
amine concentrations are discussed in detail in Chapter 9. 
Due to the difficulties in sample preservation for field stud- 
ies, few studies have examined the role that the catechol- 
amines epinephrine and norepinephrine play in regulating 
substrate metabolism by enhancing gluconeogenesis and 
fatty acid mobilization. No change in plasma catecholamines 
was reported during extended fasting in harp seal (Phoca 
groenlandica) pups or in elephant seals across several life 
history stages (Nordgy, Aakvaag, and Larsen 1993; Crocker et 
al. 2014a). The wide variations in catecholamine release dur- 
ing repetitive diving may be associated with a reduced role in 
the regulation of substrate metabolism in marine mammals. 

Cortisol is the dominant adrenal glucocorticoid in marine 
mammals, but species including bottlenose dolphins, sea 
otters (Enhydra lutris), and several otariids exhibit marked 
elevations in corticosterone in response to capture and 
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sampling (Ortiz and Worthy 2000; Larson et al. 2009; Crocker 
unpubl. data). The issues associated with measurements of 
adrenal glucocorticoids and their roles in modulating stress 
responses in marine mammals are discussed further in 
Chapter 9. Measurements of baseline cortisol are compli- 
cated by handling artifacts. In contrast to the rapid changes 
in birds, responses to ACTH trials suggest that as long as 30 
minutes may be required to initiate a stress response in some 
marine mammals (St. Aubin and Geraci 1986, 1990; Thomson 
and Geraci 1986; Mashburn and Atkinson 2008). However, at 
least in phocid seals, there is evidence that chemical immobi- 
lization with dissociative drugs and valium may prevent initi- 
ation of a stress response to handling and allow measurement 
of baseline levels (Champagne et al. 2012). 

There is evidence that cortisol is one of the primary regu- 
lator of rates of lipolysis in elephant seals, showing strong 
associations with free fatty acid concentrations across sev- 
eral life history stages (Fowler et al. 2016). Cortisol levels 
increase with fasting in several species of pinnipeds (Guinet 
et al. 2004; Crocker et al. 2014a), while other studies reveal no 
changes in cortisol concentrations, despite extended fasting 
durations (Crocker et al. 2012; Verrier et al. 2012). As experi- 
mental elevation in glucocorticoids appears to activate some 
protein catabolic effects in fasting pinnipeds (Bennett et al. 
2013; Champagne et al. 2015), rates of lipolysis may reflect 
complex modulation reflecting cortisol, GH, and insulin 
concentrations. 

High levels of cortisol have been noted in molting seals, 
generally in an inverse relationship with thyroid hormones 
(Riviere, Engelhardt, and Solomon 1977, Ashwell-Erickson 
et al. 1986; Champagne et al. 2015), although Boily (996) 
found lower levels in molting gray seals. Cortisol concentra- 
tions are elevated in neonatal harp seals, decline within 3 days, 
and then return to the higher range by 3 weeks, at the time 
of lanugo shedding (Engelhardt and Ferguson 1980). Cortisol 
is known to promote hair loss in terrestrial mammals. ACTH 
challenges during molting suggest that the hypothalamic— 
pituitary—adrenal (HPA) axis sensitivity is maintained despite 
elevations in cortisol as part of the molt process (Ensminger 
et al. 2014; Champagne et al. 2015). 

Perhaps most striking in comparing serum cortisol mea- 
surements across marine mammal taxa is the two orders of 
magnitude variation in reported values. While care should be 
taken in comparing absolute hormone concentrations across 
studies and analysis platforms, the extremely low cortisol val- 
ues reported in captive cetaceans (~20 nM) contrast mark- 
edly with those reported for some polar phocids like Weddell 
seals (Leptonychotes weddellii, as high as 2900 nM). A pos- 
sible explanation for this difference is the hormone-binding 
capacity of the plasma. Whereas more than 90% of cortisol 
is bound in the Weddell seal (Liggins et al. 1979), studies on 
bottlenose dolphins indicate that the bound fraction repre- 
sents an average of 68% of the total hormone (Champagne 
pers. comm.). Small changes in cortisol release might there- 
fore translate into relatively more free hormone and greater 


bioavailability to bind receptors and exert effects on the organ- 
ism. Measurement of cortisol binding capacity across marine 
mammal taxa is a key research need for interpreting interspe- 
cies and intraspecies variation in serum concentrations. 

The adrenal steroid aldosterone plays an important role 
in the regulation of electrolyte balance and blood volume 
in mammals. The role of aldosterone in osmoregulation of 
marine mammals is discussed in detail in the section on 
osmoregulation below. While the importance of regulating 
salt retention during fasting is critical to many species, the 
role of aldosterone in small cetaceans that do not fast as 
part of their life histories and spend their lives in a hyper- 
natremic environment is more enigmatic. ACTH stimulation 
or various forms of capture stress often produce stronger 
responses in aldosterone concentrations than for cortisol in 
a wide variety of species (St. Aubin and Geraci 1986; 1990; 
Gulland et al. 1999; Ortiz and Worthy 2000; Ensminger et al. 
2014; Champagne et al. 2015). This release of aldosterone as 
a “stress hormone” suggests a stronger degree of HPA control 
of release than that in terrestrial mammals, where aldosterone 
release is primarily under control of the renin—angiotensin— 
aldosterone system (RAAS) described below. This difference 
may reflect adaptation for breath-hold diving. In terrestrial 
mammals, the RAAS system is activated by reductions in 
renal tubular flow rates and involves a key conversion step 
that takes place in the pulmonary circulation. Reductions in 
renal blood flow and pulmonary shunts during diving may 
preclude typical regulation of aldosterone release in diverse 
marine mammal species. 


Thyroid Hormones 


Regulation of the thyroid gland follows the typical pattern in 
mammals, with the initial stimulus coming from the hypo- 
thalamus in the form of thyrotropic releasing hormone (TRH). 
The pituitary responds to TRH by producing and secreting 
thyroid-stimulating hormone (TSH). TSH is carried by the cir- 
culatory system to the thyroid gland whereby it stimulates 
the secretion of the thyroid hormones (TH). Two major forms 
of TH exist, thyroxine (T,) and triiodothyronine (T,). Both 
circulate predominantly in a globulin-bound form as well as 
the bioactive free form (fT, and fT,). T, is converted to T; by 
deiodination, and fT, is the physiologically active TH. T, can 
also be converted to an inactive form of the hormone that 
still binds to the thyroid receptor but does not activate it, 
known as reverse T, (1T;). Most investigations measure either 
the free form or total form (tT, or tT), which is the sum of the 
free plus bound forms. As is the case for most mammals, T, 
represents the principal form (©94%) in circulation with the 
remainder as T; (Atkinson et al. 2015). The free bioavailable 
forms account for less than 0.1% of circulating TH in marine 
mammals that have been investigated. 

Thyroid hormones play a critical role in regulation of 
metabolism and homeostasis. Both T, and T; affect metabolism 
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by calorigenic and thermogenic mechanisms affecting lipid, 
protein, and carbohydrate metabolism. T; stimulates mitochon- 
drial oxidative phosphorylation, which increases rates of oxy- 
gen consumption and metabolic heat production. Histological 
examination of marine mammal thyroid has shown marked 
variation in the apparent levels of activity of thyrocytes at 
various times during the development and life history of pho- 
cids (Harrison et al. 1962; Amoroso et al. 1965; Little 1991) and 
cetaceans (Harrison, Boice, and Brownell 1969; St. Aubin and 
Geraci 1989). Early investigators were impressed by the size 
of the cetacean thyroid, particularly in its proportion to the 
weight of the animal. Beluga whales have three times more 
thyroid per unit body weight than a thoroughbred horse, and 
a bottlenose dolphin’s thyroid gland is nearly twice as big 
relative to body size as humans (Ridgway and Patton 1971). 
Initially, these differences were interpreted as adaptations 
for increased metabolism in association with being an endo- 
thermic homeotherm that lives in water. Subsequent studies 
failed to demonstrate consistent elevation in resting metabolic 
rates of most marine mammals when compared to terrestrial 
mammals. 

Changes in tT; are associated with changes in standard 
metabolic rate (Rosen and Kumagai 2008) and protein catabo- 
lism (Crocker et al. 2012) in some pinnipeds, suggesting that 
changes in TH contribute to the regulation of metabolism. 
Evidence for effects of glucose and insulin on TH-mediated 
cellular signaling suggests an important role for TH in the 
regulation of metabolism in fasting elephant seals (Martinez 
et al. 2016). In the rare case where field metabolic rate (FMR) 
and concurrent TH data are available, tT, concentrations were 
positively associated with FMR (Kelso et al. 2012). 

Free-ranging manatees had higher tT, concentrations 
than manatees held in captivity. The diet of these captive 
manatees, normally fed mixed vegetables, was changed to a 
purely seagrass diet; and when this happened, the animals’ 
food intake and body mass decreased, and tT, concentrations 
rose. The investigators (Ortiz, MacKenzie, and Worthy 2000) 
speculated from these results that manatees may, in times of 
reduced food intake, activate their TH system to stimulate 
lipolysis, thus increasing water and caloric production. Ortiz 
et al. also demonstrated in this study that captive manatee 
TH concentrations were comparable to those in other marine 
(and terrestrial) mammals, even though manatees have low 
metabolic rates (see Chapter 29). 

The reliance of marine mammals on a diving lifestyle 
necessitates their ability to robustly regulate oxygen stores as 
well, which will dictate their aerobic dive limits and maximum 
dive durations (see section on diving below). An increase 
in O, consumption rates in hyperthyroid seals resulted in a 
nearly 50% decrease in maximum dive duration (Weingartner 
et al. 2012), suggesting that TH may alter diving capabilities 
through their effects on cellular metabolism and systemic O, 
consumption. 

In all pinniped species examined to date, TH concen- 
trations are highest in neonates (Myers, Rea, and Atkinson 


2006; Crocker et al. 2012; Martinez et al. 2016) and decrease 
postpartum in pinniped pups (Ortiz et al. 2003a), with levels 
tending to increase across fasting in postweaned pups of the 
northern elephant seal (Ortiz et al. 2003a). High TH concen- 
trations in pinniped neonates may reflect the increased need 
for metabolic heat production until their lanugo coat gains 
insulating ability or adequate blubber reserves are estab- 
lished. Thereafter, seasonal changes in the blood levels of T;, 
and T, have been associated with differing metabolic needs 
relative to growth, energy expenditure, molting, or fasting. 
Yearling elephant seals returning to shore after their second 
foraging trip to sea suppress TH during fasting (Kelso et al. 
2012), while individual fasting and breeding adult males ele- 
vate tT, in association with increased levels of energy expen- 
diture (Crocker et al. 2012). 

Among free-ranging cetaceans, some strong seasonal 
changes in TH activity have been documented. In beluga 
whales, circulating TH concentrations increase during the sum- 
mer, and there is TH evidence (through histologic examina- 
tion) of intense cellular activity in the thyroid gland (St. Aubin 
and Geraci 1989). This increased thyroid activity may favor 
mobilization of blubber fatty acids and promote the effects of 
other lipolytic hormones such as GH. Changes in TH activ- 
ity also coincide with rapid changes in cell production and 
turnover in the beluga epidermis. No comparable process has 
been described in any other species of cetacean. In contrast, 
studies on circulating levels of TH in Atlantic bottlenose dol- 
phins revealed no significant annual variation, despite wide 
variations in water temperature (Ridgway and Patton 1971). 
Similar to pinnipeds, age-dependent reductions in circulating 
TH levels are apparent in both free-ranging and managed 
cetaceans (Fair et al. 2011; West et al. 2014). Low TH con- 
centrations were associated with perinatal loss in managed 
populations (West et al. 2014). 

Thyroid hormones are seasonally elevated to promote 
hair growth in pinnipeds during the annual molt, in a pat- 
tern that is similar to terrestrial mammals (Routti et al. 2010; 
Atkinson, Arnould, and Mashburn 2011; Gobush, Booth, and 
Wasser 2014). Variation in the pinniped literature regarding 
the pattern of TH change associated with the molt process 
may arise from difficulties in recognizing the period of ini- 
tial hair growth. Hair loss during the molt process may be 
enhanced by increased levels of cortisol, at a time when TH 
levels are low. Cortisol downregulates the TH axis by sup- 
pressing TSH secretion from the pituitary and inhibiting the 
conversion of T, to T;. Similarly, elevations in cortisol can 
enhance deiodonase enzymes that promote conversion of T, 
to 1T;. In elephant seals, the molt is associated with increases 
in rT;, and ACTH stimulation of cortisol release resulted in 
direct suppression of tT, and elevation of rT, (Ensminger et al. 
2014; Champagne et al. 2015). There is also evidence that cir- 
culating TH concentrations are reduced by captivity (Ortiz 
et al. 2000) and acute capture (St. Aubin and Geraci 1988), 
and in the rehabilitation setting (Trumble et al. 2013). Whether 
these changes are a function of reduced activity levels or 
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elevated stress is not well understood. Alterations in TH have 
also been implicated in skin disease in juvenile elephant 
seals, indicating their potential function in maintaining health 
(Yochem et al. 2008). 

A significant, but poorly understood, difference in THs in 
some marine mammals is their relatively high circulating levels 
of 1T;. The product of inner ring deiodination of T, (outer ring 
deiodination of T, yields T;), rT, is considered to be an inactive 
metabolite found in blood in concentrations that are generally 
one-third to one-half those of T,. In cetaceans and pinnipeds, 
reported rT, concentrations are equivalent to or up to three 
times greater than T, (St. Aubin et al. 1996; Haulena, St. Aubin, 
and Duignan 1998; Ensminger et al. 2014; Champagne et al. 
2015). During the summer period of estuarine occupation in 
belugas, 1T, levels can reach 4.4 ng/ml, the highest reported 
for any adult mammal. The benefits of inactivating such a large 
proportion of T; are unclear but at the very least represent 
another option for managing the effects of circulating T,. 

An important consideration in the evaluation of thyroid 
status is the degree to which the hormones are bound by cir- 
culating proteins, principally thyroid binding globulin (TBG). It 
is presumed that the free, or unbound, hormone is responsible 
for regulating cellular processes, and that protein binding in 
circulation serves to deliver the hormone, maintain an available 
pool, and modulate the activity of metabolically potent sub- 
stances such as TH. The impact of TH can thus be regulated at 
a variety of levels, including rate of secretion from the thyroid 
gland, plasma binding capacity, rate of conversion to T;, and 
density of cellular receptors for the hormone. Although analy- 
sis of circulating levels represents the most readily obtained 
measure of thyroid status, it may yield misleading or confusing 
results if other elements are not taken into consideration. 


Endocrine Pancreas 


In most mammals, glucose is the primary metabolic energy 
substrate. In marine mammals, there is a low carbohydrate 
content to the diet and an emphasis on fatty acids as a primary 
energy substrate. Good sequence homology with model spe- 
cies has allowed measurement of the counterregulatory pan- 
creatic hormones insulin and glucagon in a variety of marine 
mammal species. In the species studied, low rates of glucose 
oxidation and high rates of fatty acid oxidation are associated 
with low insulin concentrations. Some tissues, including the 
central nervous system, erythrocytes, and the renal medulla, 
cannot catabolize fatty acids and are dependent on carbohy- 
drates or ketone bodies as a fuel source. Erythrocyte mass 
is unusually high in marine mammals, representing as much 
as 10% of body mass, suggesting high glucose demand to 
support erythrocyte metabolism. Low insulin—glucagon ratios 
facilitate gluconeogenesis to support glucose needs. Early 
studies suggested a reduced emphasis on the counterregula- 
tion of glucose metabolism by insulin and glucagon. However, 
subsequent investigations that incorporated enhanced tracer 


methodologies and measurements of cellular responses sug- 
gested a robust role for variation in insulin and glucagon in 
regulating substrate metabolism, particularly during natural 
fasting. 

The primary hormonal regulator of lipolysis in elephant 
seals appears to be maintenance of low insulin levels dur- 
ing fasting. In lactating females, insulin is strongly negatively 
associated with both circulating fatty acids and milk fat con- 
tent (Fowler et al. 2016). In many species, the relatively slow 
clearance of glucose from circulation following a glucose tol- 
erance test is indicative of insulin resistance, which, com- 
bined with a chronic state of hyperglycemia, makes these 
animals appear clinically similar to diabetic/obese humans. 
This insulin-resistant condition also appears to be present 
in bottlenose dolphins (Venn-Watson, Carlin, and Ridgway 
2011). Comparison of a managed population of dolphins with 
free-ranging animals suggested higher insulin levels and risks 
of insulin resistance in captive animals (Venn-Watson et al. 
2013). Together, studies suggest that marine mammals have 
evolved transient states of insulin resistance to help ensure 
elevated levels of circulating glucose to support metabolism, 
especially during diving and fasting conditions. 

Investigations on cellular responses to natural fasting and 
insulin challenges in northern elephant seals have revealed 
important regulatory functions for insulin. Elephant seals are 
glucose intolerant and exhibit reduced insulin sensitivity in 
adipose tissue across the fast but maintain insulin sensitivity 
in skeletal muscle (Viscarra et al. 2013). Insulin and insulin— 
glucagon molar ratios G-—G) decline with fasting in most 
published studies. Despite this, strong associations of insu- 
lin concentrations with metabolite flux are evident in many 
studies on elephant seals. Insulin was associated with glucose 
turnover but not oxidation. When weaned pups are brought 
into the laboratory and substrate oxidation is assessed through 
respirometry and urine collection, carbohydrates provided ~8% 
of energy expenditure. Despite low rates of glucose oxida- 
tion, glycogen synthesis was negligible during fasting, and 
98% of glucose produced was committed to glycolysis, based 
on appearance of glucose label in total body water (Houser 
et al. 2012). Since rates of glucose production far exceeded 
estimated needs of glucose-dependent tissues and measured 
rates of oxidation, these findings suggested that high rates of 
glucose carbon recycling were occurring in fasting elephant 
seals. Subsequent studies suggested that the Cori cycle (con- 
version of glucose to lactate and back) was the primary source 
of glucose production and that both lactate and glucose flux 
were strongly associated with plasma insulin concentrations 
(Tavoni et al. 2013). 

Experimental administration of glucagon in elephant 
seals had strong positive glucogenic, lipolytic, and ketogenic 
impacts in some study groups, but also promoted protein 
catabolism (Crocker et al. 2014b). It is likely for this reason that 
glucagon is maintained at low levels across fasting in most 
species. Glucagon also directly stimulated insulin release in 
some study groups. The effect of glucagon on mobilization of 
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fatty acids was apparently modulated by this insulin release, 
becoming important late in the fast when insulin release was 
blunted. Thus, contrary to initial work, recent studies suggest 
dynamic regulation of substrate metabolism that is strongly 
influenced by pancreatic hormones among others. 


Adipocytokines 


Investigations in seals revealed important alterations in meta- 
bolic responses to hormone and substrate challenges that vary 
directly with adiposity, suggesting a potential role for adipose- 
derived chemical messengers in regulating metabolism and pan- 
creatic function. In lactating and molting adult female elephant 
seals, insulin response to glucose load or to glucagon challenge 
varied directly with adiposity, being essentially absent when 
adipose tissue proportions were very low at the end of fasts 
(Fowler et al. 2008; Crocker et al. 2014b). The glucogenic and 
ureagenic responses to a glucagon challenge also varied directly 
with adipose tissue proportions. In pups, systemic activation 
of the renin—angiotensin system with fasting is associated with 
decreases in adipose adiponectin (Acrp30) mRNA and protein 
(Suzuki et al. 2013). Insulin sensitivity declines in parallel with 
plasma Acrp30 levels and adipose peroxisome proliferator— 
activated receptor delta (PPAR-A) expression (Viscarra et al. 
2011). Given the general importance of adipose tissue to marine 
mammals, future research will examine the potential roles of 
adipose nuclear receptors and adipose-derived hormones in 
altering pancreatic sensitivity and tissue metabolism. 

Leptin is also an important adipose-derived hormone 
that plays key roles in regulation of appetite, metabolism, and 
immune function. Its role in marine mammal species that 
undergo large changes in adiposity as part of their life history 
is less well defined. There is evidence for strong selection on 
the leptin protein in marine mammals, resulting in substan- 
tial inadequacies of using heterologous antibodies for mea- 
surement (Hammond et al. 2005). Leptin levels in elephant 
seal weanlings do not change with time fasting or vary with 
changes in adiposity (Viscarra et al. 2011). In adult males, there 
is a small decrease in leptin with time fasting but no relation- 
ship to fat mass (Crocker et al. 2012). In Antarctic fur seals, 
leptin increased dramatically during the first 24 hours of fast- 
ing and then declined (Arnould et al. 2002). In marine mam- 
mals, leptin may play important roles in regulation of lung 
surfactant production and as a pleiotropic stress-responsive 
hormone (Mashburn and Atkinson 2008). These studies add 
to a growing body of literature showing that leptin may play 
complex and diverse functions in carnivores, rather than just 
signal the status of energy stores. 


Pineal Gland 


Marine mammals exhibit strong seasonality in activities 
such as reproduction and molt. It is critical that individuals 


synchronize important life history events with appropriate 
environmental conditions. Changes in air and water tempera- 
tures and day length, particularly at midtemperate to high lati- 
tudes, can be pronounced enough to trigger significant annual 
events, such as migration in humpback whales (Megaptera 
novaeangliae, Dawbin 1966). The hormone melatonin is con- 
sidered to play a critical role in the integration of endocrine 
physiological systems with photoperiod in mammals. The 
sporadic research that has been undertaken, particularly in 
pinnipeds, has identified the critical role of melatonin in early 
metabolism and subsequent seasonal activities. 

The principal source of melatonin is the pineal gland, 
typically located above the third ventricle of the brain. Other 
tissues, such as the retina, intestines, red blood cells, and sali- 
vary glands, contribute to circulating levels and may represent 
significant sources in cetaceans, for which the very existence 
of a discrete pineal has been controversial. Nevertheless, the 
organ has been described in several species of small odonto- 
cetes (Behrmann 1990). This contrasts to the prominence of 
the gland in some pinnipeds, notably the Weddell seal, north- 
ern fur seal (Callorhinus ursinus), and northern and southern 
(Mirounga leonina) elephant seals (Cuello and Tramezzani 
1969, Elden, Keyes, and Marshall 1971; Bryden et al. 1986, 
1994; Little and Bryden 1990). Earlier work on northern fur 
seals had recognized the pineal’s impressive dimensions and 
activity relative to those in humans, and suggested that fur- 
ther investigation might provide useful insights into the physi- 
ological role of melatonin in mammals. Weighing as much as 
9 g in the newborn southern elephant seal (Little and Bryden 
1990), the gland can be roughly the size of the entire brain 
of a hamster, the species that has contributed most substan- 
tially to the understanding of melatonin physiology. Elephant 
seals continue to show substantial changes in the size of their 
pineal throughout life. The gland is largest in the dark of win- 
ter, weighing up to 2 g/1000 kg of body weight, and regresses 
to less than half of that in nearly constant daylight in the 
summer (Griffiths, Seamark, and Bryden 1979; Griffiths and 
Bryden 1981). 

No less remarkable are the fluctuations in circulating 
concentrations of melatonin that are most evident soon 
after birth in southern elephant seals. Levels approaching 
297 nM have been recorded in neonates (Little and Bryden 
1990), with concentrations diminishing to less than 4 nM 
over the ensuing month (Bryden et al. 1986). Harp, hooded 
(Cystophora cristata), and gray seals show a similar pattern, 
with peak values of roughly 25 to 30 nM. Since all these 
species give birth under relatively harsh environmental con- 
ditions, at least in the areas where they were studied, it 
has been suggested that, as in some other mammals, the 
hormone acts to enhance the production of T; to stimulate 
nonshivering thermogenesis (NST; Little and Bryden 1990; 
Bryden et al. 1994). This is consistent with evidence for 
brown adipose NST in phocid neonates (Grav and Blix 1976; 
Sakurai et al. 2015). Stokkan et al. 1995) have suggested that 
the potent antioxidant properties of melatonin might protect 
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the fetus from the detrimental effects of hypoxia experi- 
enced in utero during diving. 


Osmoregulatory Hormones 


Several hormones play important roles in the regulation of 
water and electrolyte balance in mammals. Through these 
functions, osmoregulatory hormones also contribute to reg- 
ulation of blood volume and pressure. Marine mammals 
live in an environment that is hyperosmotic to body fluids, 
undergo severe challenges to water and electrolyte balance 
such as extended fasting, and must regulate blood pressure 
under highly labile conditions of vasoconstriction while div- 
ing. These conditions emphasize the importance of tight 
endocrine control of osmoregulation in marine mammals. 
Key osmoregulatory hormones include angiotensin (Ang 
ID, aldosterone, arginine vasopressin (AVP), and atrial natri- 
uretic peptide (ANP). Together, renin, Ang II, and aldosterone 
comprise the renin—angiotensin—aldosterone system (RAAS). 
Renin converts circulating angiotensinogen to angiotensin 
I, which is converted to Ang II by angiotensin-converting 
enzyme (ACE). Subsequently, Ang II stimulates the release of 
aldosterone from the adrenal gland, which induces the reab- 
sorption of Na* from the distal tubule of the kidney and the 
colon, resulting in a decrease in Na* excretion. RAAS activa- 
tion is associated with an elevation in blood pressure. 

A functional and responsive RAAS has been identified 
in dolphins, manatees, and pinnipeds (Malvin, Ridgway, 
and Cornell 1978; Ortiz, Wade, and Ortiz 2000). Renin and 
aldosterone levels were significantly correlated in bottle- 
nose dolphins, California sea lions (Zalophus californianus), 
and northern elephant seals, suggesting that this arm of 
aldosterone control is functional in some marine mammals 
(Malvin, Ridgway, and Cornell 1978; Ortiz et al. 2000; Ortiz 
et al. 2003b). Associations between RAAS components and 
impacts of aldosterone variation on water efflux in breeding 
adult male elephant seals suggested that RAAS is active and 
contributes to electrolyte balance during fasting (Ortiz et al. 
2006). RAAS sensitivity is much greater in West Indian mana- 
tees (Wrichechus manatus) than in pinnipeds and bottlenose 
dolphins, consistent with their use of fresh water and brack- 
ish environments. Genomic analyses have suggested that 
there were positive selection pressures on genes encoding for 
AGT and ACE in many cetaceans and that alterations to RAAS 
components were adaptations that allowed terrestrial mam- 
mals to invade marine environments and regulate water and 
electrolyte balance (Yim et al. 2014). 

Experimental studies on the impacts of osmoregulatory 
hormones in marine mammals are rare. When Baikal (Pusa 
sibirica) and ringed (Pusa hispida) seals were infused with 
hyperosmotic saline, they demonstrated an increase in Nat 
clearance, suggesting that tubular Na* reabsorption was 
reduced (Hong et al. 1982). However, a negative correlation 
between excreted aldosterone and excreted Na* in these 


studies was not observed. Studies with northern elephant seal 
pups demonstrated a similar increase in excretion of Na*, but 
in the presence of elevated aldosterone, suggesting that an 
alternative, and likely nonhormonal, mechanism caused the 
increased fractional excretion of Na*. In this case, increased 
glomerular filtration rate (GFR) overcame the aldosterone- 
mediated retention of Na* suggesting that renal hemodynam- 
ics play a critical role in regulating water and electrolytes in 
pinnipeds, especially during conditions of an increased Na* 
load, which may be observed during feeding. This is consis- 
tent with the dynamic changes in renal filtration observed 
during fasting in pinnipeds (Crocker et al. 1998). 

While RAAS function can serve to reabsorb water, the 
most potent antidiuretic agent in mammals is AVP. AVP stim- 
ulates the production of aquaporins, which serve as water 
channels in the collecting duct of the kidney and facilitate 
urinary concentration. AQ2, the form of aquaporin regulated 
by AVP, has been identified in the collecting duct of bottle- 
nose dolphins and Baird’s beaked whales (Berardius bairdii). 
The simultaneous infusion of water and synthetic AVP in a 
harbor seal resulted in a rapid decrease in urine flow rate 
and increases in urinary electrolyte concentrations (Bradley, 
Mudge, and Blake 1954). In contrast, infusion of AVP in fast- 
ing elephant seal pups caused increased urine flow associ- 
ated with increased Na* clearance (Ortiz, et al. 2003b). AVP 
infusion also increased plasma concentration of cortisol and 
aldosterone, suggesting neuroendocrine functions of AVP 
that are similar to terrestrial mammals. The apparent role of 
AVP in regulating water balance during fasting has varied 
significantly between studies using forced and naturals fasts. 
Under force-fasted conditions, Baikal and ringed seals exhib- 
ited an increase in excreted AVP associated with a decrease 
in urine flow rate and an increase in urine osmolality (Hong 
et al. 1982). In force-fasted gray seals, plasma AVP increased 
in association with increased plasma and urine osmolality 
(Nordgy, Ingebretsen, and Blix 1990). However, in naturally 
fasting postweaned northern elephant seal pups, plasma 
AVP concentrations were constant and relatively low with no 
change in plasma osmolality, suggesting that either the col- 
lecting duct sensitivity to AVP is increased with fasting or 
that other endocrine factors offset the loss of AVP function 
to regulate body water. Increased plasma osmolality appears 
to stimulate AVP release in manatees, but effects of these 
changes have not been demonstrated. The lack of an associa- 
tion between low plasma AVP concentrations and urine flow 
rates in fasting dolphins suggested that AVP does not sig- 
nificantly regulate urine volume and water retention (Malvin, 
Ridgway, and Cornell 1978). However, significantly higher 
concentrations of AVP were later reported in free-ranging dol- 
phins (Ortiz and Worthy 2000). These differences may reflect 
advances in assay techniques for the peptide hormone. 

ANP is released by the cardiac myocytes in response to 
increased atrial distention caused by elevated blood volume. 
The actions of ANP oppose those of RAAS by inhibiting 
the synthesis and release of renin and aldosterone, thereby 
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increasing Na* excretion. While care should be taken in com- 
paring hormone concentrations across species and analysis 
platforms, plasma ANP levels in pinnipeds (Ortiz et al. 2003b) 
are more similar to humans than the very high levels reported 
in delphinids (Naka et al. 2007). While the role of ANP in 
cetaceans has not been examined, the molecular structure 
and genetic and protein sequences of ANP have been well 
characterized (Naka et al. 2007). Delphinid ANP clusters near 
those of artiodactyls, and is well conserved, expressing mod- 
erate homology (>78%) with terrestrial mammals (Naka et al. 
2007). Increased Na* excretion induced by saline infusion was 
not associated with increased plasma ANP or increases in 
urinary ANP excretion in elephant seals (Ortiz et al. 2003b). 
Changes in vasoactive hormones during diving are described 
below. 


Diving 


Examining endocrine regulation during diving is extremely 
difficult, as it requires repeated blood sampling during 
breath-holds and exercise. Marine mammal dive response 
is reviewed in Chapter 6. Despite these logistical difficul- 
ties, the effects of diving or apnea on endocrine responses 
have been evaluated in several species of pinnipeds. Diving 
is associated with a dramatic increase in catecholamines (nor- 
epinephrine and epinephrine) that likely contributes to diving 
bradycardia, peripheral vasoconstriction, splenic contraction, 
and inhibition of pancreatic insulin release to maintain cir- 
culating plasma glucose concentrations (Hurford et al. 1996). 
In freely diving Weddell seals, circulating catecholamine con- 
centrations during surfacing are strongly associated with the 
duration of the previous dive, suggesting a role in regulating 
the magnitude of the dive response and postdive tachycar- 
dia. The inhibition of insulin release during diving results 
in a reduced insulin-glucagon ratio and helps maintain glu- 
cose availability during vasoconstriction (Robin et al. 1981). 
Glucose is the most oxygen-efficient fuel for use by the heart 
under hypoxic conditions and is an obligate fuel source for 
erythrocytes and the central nervous system. 

Diving has strong effects on renal perfusion and glomer- 
ular filtration, which could alter the response of vasoactive 
hormones (i.e., Ang II, AVP, and ANP). Voluntary bouts of 
sleep apnea in Weddell and elephant seal pups resulted in 
a bradycardia associated with decreases in circulating Ang 
Il and AVP (vasoconstrictors) and an increase in ANP (vaso- 
constrictor inhibitor; Zenteno-Savin and Castellini 1998). This 
increase in ANP was attributed to an increase in cardiac pres- 
sure, which is a known stimulus of ANP release. However, a 
recent application of a system that acquired blood samples 
during free diving in captive gray seals revealed only small, 
marginally significant changes in vasoactive peptides during 
diving (Takei et al. 2016). 

The hormone erythropoietin (EPO) stimulates the pro- 
duction and release of red blood cells in response to tissue 


hypoxia. Developmental increases in concentrations of EPO 
are associated with increases in hematocrit and hemoglobin 
(Clark et al. 2006), suggesting that EPO contributes to the 
development of blood oxygen stores in marine mammals. 
Leptin plays an important role in the stretch-induced pathway 
of lung surfactant production. In marine mammal species that 
undergo lung collapse, pulmonary surfactant is critical to lung 
reinflation and likely requires increased rates of surfactant 
synthesis. Substitutions in leptin sequences in regions that 
are typically highly conserved suggest positive selection for 
functional protein differences that may enhance synthesis of 
lung surfactant in phocid seals (Hammond et al. 2005). 


Endocrine Disruption 


Persistent organic pollutants (POPs), including legacy pes- 
ticides and industrial chemicals, and new emerging con- 
taminants bioaccumulate through the food chain and can 
concentrate in fatty tissues of marine mammals, leading to 
high levels of exposure (see Chapter 15). Exposure to POPs 
has been associated with a number of negative effects on indi- 
vidual health, of which endocrine disruption is likely the most 
important. Structural similarities to endogenous hormones, 
interactions with hormone transport globulins, and impacts 
on hormone metabolism and excretion allow some POPS to 
mimic or reduce the actions of circulating hormones, leading 
to disruption of endocrine function. Many of the metabolites 
formed during hepatic metabolism of POPs exhibit similar 
endocrine-disrupting effects. 

Strong associations between levels of POPs in blood or 
tissues and hormone concentrations have been reported in 
numerous marine mammal species. Several of the morpho- 
logical and behavioral effects that were associated with ele- 
vated POPs are consistent with endocrine disruption. Despite 
these associations, in vivo research on contaminant exposure 
is rare in marine mammals for ethical reasons, and there is 
little direct evidence for the mechanisms of endocrine dis- 
ruption by contaminants. Elevated POP burdens have been 
linked to suppression of thyroid hormones in several spe- 
cies of marine mammals including cetaceans, pinnipeds, and 
polar bears (Ursus maritimus, Jenssen 2006). High POP bur- 
dens have also been associated with suppression of sex hor- 
mones, including testosterone and estradiol. In some cases, 
sterility or reproductive failure was associated with low levels 
of sex hormones and high contaminant burdens (Reijnders 
2003). Reduced cortisol and aldosterone release in response to 
capture and sampling in high-POP-exposure individuals has 
been interpreted as evidence of impaired adrenal response 
(Schwacke et al. 2013). Endocrine disruption by POPs may 
have the strongest impacts on individual health during devel- 
opment. Marine mammals that fast during lactation mobilize 
contaminant burdens from adipose reserves, and high levels 
of POPs can be delivered to the offspring in milk, especially 
in primiparous females. This mobilization and clearance of 
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POPs in milk fat may serve to decrease lifetime contaminant 
burdens in breeding females but may increase the potential 
for endocrine disruption and developmental pathologies in 
initial offspring. 
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Introduction 


The understanding of stress physiology in marine mammals 
has been reviewed recently by Fair and Becker (2000) and 
Atkinson et al. (2015). In addition, the National Academies of 
Sciences (NAS 2016) undertook the task of exploring frame- 
works to better understand the cumulative effects of stressors 
in marine mammals. This area of research is currently receiv- 
ing much attention, and thus, the knowledge base is rapidly 
expanding. However, when it comes to the medical treatment 
of stress, this area of science is anything but complete. In 
large part, this is due to () the natural biological variability 
that organisms express, even within the same species, sex, 
or cohort; (2) the duration or intensity of exposure to the 
stressor, which may or may not be known; and (3) the inter- 
nal and external milieu of the animal, which may be optimal 
in every way, or may be subject to multiple stressors that 
have synergetic effects on the physiology of the organism. 
Especially in free-ranging mammals, these factors are often 
unknown, so when animals present with odd behaviors or 
conditions, the puzzle to be solved is complex without the 
benefit of understanding all the pieces. 

This chapter presents a summary of what is known about 
marine mammal responses to stressors and examines how the 
stress response is manifested in marine mammals. The chap- 
ter addresses clinical approaches and indicators for assessing 
the stress response in these species, knowing that our diag- 
nostic abilities to better predict the long-term consequences 
of multiple stressors are constantly improving. 


Stressors 


Stressors are the causal factors or stimuli occurring in either 
the animal’s internal or external environment, which evoke 


CRC Handbook of Marine Mammal Medicine 153 


154 Stress and Marine Mammals 


responses in physiological mediators with the goal of main- 
taining homeostasis. Examples of these mediators are gluco- 
corticoids, cytokines, or thyroid hormones. Stressors range 
from predictable stimuli that are part of daily, seasonal, or life 
cycles, to novel stimuli that are unpredictable and of varying 
duration or intensity (Atkinson, St. Aubin, and Ortiz 2009; 
Atkinson et al. 2015; NAS 2016). Stressors that are coupled 
with behavioral responses specific to a life history state (e.g., 
lactation, fasting, mating) generally benefit the organism by 
permitting the physiology of the organism to function at 
altered and adaptive levels. Other stressors may be unpre- 
dictable, prolonged, or particularly severe, such that addi- 
tional actions or interactions of physiological processes are 
required, and ultimately may be detrimental to the health of 
the animal. 

In the wild, marine mammals encounter natural stress- 
ors daily. Predators, meteorological and oceanographic con- 
ditions, intraspecific aggression, and even aspects of their 
normal activities, such as prolonged fasts, extended dives, 
or breeding behaviors, are significant challenges to homeo- 
stasis and may elicit stress responses (Table 9.1). Of greater 
concern is the impact of unnatural or anthropogenic stress- 
ors on the health of marine mammals, particularly species 
that are threatened or endangered. Increasingly, biologists 
and medical professionals are called upon to evaluate and 
provide opinions on the impacts of anthropogenic stressors 
that might lead to important health or conservation manage- 
ment decisions. Human activities such as wildlife viewing, 
shipping, fisheries, petroleum and mineral exploration and 
development, the use of certain sonar systems, and increasing 
noise are controversial, in terms of our understanding of the 
degree to which they elicit stress responses in marine mam- 
mals (Table 9.1). Oil spills and other environmental contami- 
nants can be directly harmful, and their effects on wildlife are 
often measured through subtle physiological changes using 
bioindicators of stress. In assessing impacts, it is difficult to 
identify “control” populations in the wild or to isolate the 
effects of one particular stressor in the midst of potential mul- 
tiple stressors. 


Stress Response 


When an organism can predict and control a stressor, a 
coping mechanism can be established. The response to a 
given stressor depends on how an animal’s sensory sys- 
tems receive and interpret information about the surround- 
ing environment, the reaction to this information, and the 
degree of positive and negative feedback that occurs during 
the response (Lovallo 1997a). Some even argue that peri- 
odic activation of the stress response is beneficial to main- 
taining health in the same way that physically demanding 
exercise promotes fitness. Experience and acclimation often 
blunt the response to potentially stressful procedures. A 
new arrival in a captive pinniped colony can have the effect 


of enhancing the social framework or precipitating stressful 
aggression. In a managed care setting, where it is desir- 
able to eliminate, or at least manage, potential stressors in 
an animal’s environment to optimize health, it is impor- 
tant to evaluate each case in the context of the species 
and individuals involved. When the stressors on an indi- 
vidual are chronic or severe, and the responses to stress 
are uncontrolled, and if prolonged, the accumulated costs 
associated with the response(s) overload the system, which 
can contribute to physiological dysfunction and increase 
the probability of disease and tissue damage (Goldstein 
1995; Turnbull and Cowan 1998). The accumulation of 
the surrounding conditions, including acute or short-term 
stressors, has been termed the allostatic load (McEwen and 
Wingfield 2007). 

Four broad categories largely define the stress response 
in marine mammals: neurologic, endocrinologic, physiologic, 
and immunologic factors (Figure 9.1). There is considerable 
overlap among these, particularly since neurological stimula- 
tion elicits certain endocrine responses, and hormones alter 
physiological processes and immune responses. In addition, 
the immune system and mediators of inflammation activate 
some endocrine pathways (Figure 9.1). Within each cate- 
gory, whether the response is acute or chronic is an impor- 
tant consideration, and whether the associated perturbations 
are beneficial or more damaging than the original stressor. 
Survival for the organism depends on feedback regulation of 
many of these systems, and when unchecked or stimulated 
to exhaustion, the result can be detrimental and can result in 
death (Breazile 1988). 

A significant challenge to studying stress in marine mam- 
mals, or any wild species, is to obtain baseline data rep- 
resenting an unstressed state. Chase, capture, restraint, and 
sampling procedures are recognized stressors that can 
influence analytes, sometimes within seconds to minutes 
(Table 9.2). In a managed care setting, cetaceans and pin- 
nipeds can be trained to allow specimen collection with 
minimal disturbance, yielding data that are as close to 
resting as can be expected. At the very least, the slight 
deviations that may be encountered under such circum- 
stances serve as controls for the same procedures that must 
be employed to assess a stress response in free-ranging 
individuals or in captive animals suspected of stress-related 
abnormalities. For those working in the field, rapid and 
efficient capture strategies should be prioritized to allow 
specimen collection of baseline quality. Recognizing the 
stress condition of the natural setting where animals are 
sampled is essential to accurate diagnoses. For example, 
dependent harbor seal pups that were captured with their 
mothers presented with a suppressed stress response com- 
pared with pups that were separated from their mothers (Di 
Poi et al. 2015). In that case, the maternal buffering of the 
stress response was measurable yet could easily have been 
missed if the state of the pups (.e., dependent or indepen- 
dent) had been overlooked. 


Table 9.1 


Stress and Marine Mammals 155 


Documented Natural and Anthropogenic Stressors of Marine Mammals 


Documented Stressor 


EI Nifo 


Storms 


Climate change 


Interspecific 
competition 


Predation 


Disease 


Harmful algal blooms 
Breeding competition 


Aggressive male 
breeding behavior 
(mobbing) 


Life history events 


Air gun 
Sonar/remote sensing 


Fisheries interactions 
Wildlife viewing tours/ 


shipping traffic 


Increased 
anthropogenic noise 


Species 


Multiple pinnipeds 


Steller sea lions, manatee 


Multiple ice-dependant 
species 


Harbor seal, gray seal 


Steller sea lions, California 
sea lions, harbor seals, 
sea otters 


Multiple species 


Multiple species 
Multiple species 


Multiple pinnipeds 


All marine mammals 


Beluga 

Long-fin pilot whales, killer 
whales, sperm whales, 
beaked whales, 
humpback whales 

Multiple species 


Cetaceans 


Fin whales, humpback 
whales, north/south 
Atlantic right whale, 
manatees, Australian fur 
seals, northern elephant 
seal 


Effect or Marker 


Natural Stressor 
Mortality, emigration, abnormal 
breeding behaviors, low birth 
rates, changes in foraging 
behaviors, altered diving, 
movement behaviors 
Pup loss, reduced survival 


Altered foraging, loss of prey 
species, increased disease, ice 
entrapment, mortality associated 
with increased swim distances, 
atypical movement to nearshore 
waters and new terrestrial habitat 

Altered population demographics, 
altered hormones, reproductive 
success 

Population decrease, increased 
corticosterone following pup 
predation, avoidance behaviors, 
haul-out selection based on 
predation risks 

Limited genetic diversity (MHC 
polymorphism), mortality, possible 
mass strandings, increased 
susceptability to novel disease 

Mortality, neurotoxicity 

Injury, mortality 


Injury, mortality, pup mortality 


Prolonged fasts, extended dives 


Anthropogenic Stressor 
Endocrine response 
Gas bubble lesions, fat emboli, 
altered dive behaviors, changes in 
song/cessation of song 


Mortality, entanglement, ship 
strikes 

Population decline, reduced 
population fitness, reduced 
reproductive success, avoidance 
behaviors 

Communication masking, shifts in 
call frequency, abandonment of 
feeding/breeding ground, 
significant disturbance, altered 
vocalization, avoidance, subtle 
changes in dive behavior 


References 


Robinson and Del Pino 1985; Limberger 
1990; Le Boeuf and Reiter 1991; 
Trillmich et al. 1991; Weise, Costa, and 
Kudela 2006; Crocker et al. 2012 


Langtimm and Beck 2003; Maniscalco 
et al. 2008 

Shane 1995; Harvell et al. 2002; Monnett 
and Gleason 2006; Laidre et al. 2008 
and 2012 


Bowen et al. 2003; Lidgard et al. 2008 


Baird and Stacey 1989; Estes et al. 1998; 
Nordstorm 2002; Matkin et al. 2002; 
Mashburn and Atkinson 2007 


Slade 1992; Kretzmann, Gemmel, and 
Meyer 2001; Barrett, Sahoo, and Jepson 
2003; Burek, Gulland, and O’Hara 2008; 
(also see Disease Chapters 17-21) 

Hallegraeff, 1993; Van Dolah et. al., 2003 

Reiter, Panken, and Le Boeuf 1981; 
Lefebvre et al. 2016 

Riedman and Le Boeuf 1982; Campagna 
et al. 1988; Le Boeuf and Mesnick 1990; 
Kiyota and Okamura 2005; Crocker 
et al. 2012 

Verrier et al. 2012; Atkinson, Crocker, and 
Ortiz 2017 


Romano et al. 2004 


Jepson et al. 2003; Fernandez et al. 
2005; Sivle et al. 2012; Risch et al. 2012 


Geraci et al. 1999; Read, Drinker, and 
Northridge 2006 

Bejder et al. 2006; Lusseau and Bejder 
2007; Tseng et al. 2011; Rolland et al. 
2012; Carretta et al. 2013 


Miksis-Olds et al. 2007; Wright et al. 
2007: Clark, Ellison, and Southall 2009; 
Costa et al. 2003; Cox et al. 2006; Parks 
et al. 2011; Tripovich et al. 2012 
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Table 9.1 (Continued) 


Documented Natural and Anthropogenic Stressors of Marine Mammals 


Documenied Stressor Species 

Oil spills, Multiple pinnipeds and 
contaminants, and cetaceans 
pollution 


mortalities 


Steller sea lions and killer 
whales 


Induced nutritional 
stress 


Captivity, restraint, 
and handling 


Multiple species 


Effect or Marker 


Endocrine disruption, vitamin 
imbalances, subclinical effects, 
reproductive impacts, mass 


Energy balance, metabolic rate, 
hormones, birth rate 


Cortisol, testestosterone 


References 


Helle, Olsson, and Jensen 1976; 
Subramanian and Bray 1987; Geraci 
and St. Aubin 1990; Ross et al. 1993; 
Kannan et al. 2000; Fossi et al. 2003; 
Wang et al. 2005, 2007; Wang, Li, and 
Atkinson 2010 

Atkinson, DeMaster, and Calkins 2008; 
Rosen and Kumagai 2008; du Dot, 
Rosen, and Trites 2009; Calkins et al. 
2013; Gerlinsky, Trites, and Rosen 2014 

Mellish et al. 2006; Lidgard et al. 2008; 
Champagne et al. 2012; Fair et al. 2014 


Source: Modified from Atkinson, S. et al., Stress physiology in marine mammals: how well do they fit the terrestrial model?, Journal of 


Comparative Physiology B 185: 463-486, 2015. 


Neurologic changes Endocrinologic changes 


a and 6 adrenergic 
receptor activity 
Sympathetic 
nervous system 
CRF 
Neurotransmitters 


TRH 


Target 
tissues 


Fatty acid production 
Gluconeogenesis 
Metabolic rate 


Inflammatory 
reaction 


Sodium retention Immune 


Diuresis function 


O, consumption 


Physiologic changes Immunologic changes 


Figure 9.1 Stress response in various body systems. CRF = corticotropin- 
releasing factor; GH = growth hormone; GnRH = gonadotropin-releasing 
hormone; HPA = hypothalamic-pituitary—adrenal axis; HPT = hypothalamic— 
pituitary—thyroid axis; RAAS = renin—angiotensin—aldosterone system; 
TRH = thyrotropin-releasing hormone. The direction of the arrows 
reflects an increase or decrease in the response by the named mediator. 


Neurologic Factors 


The acute stress response begins with the body’s recogni- 
tion of a stressor, and is initially orchestrated by the sensory 
systems in the brain. Perception of a stressful stimulus can 
produce fear and anxiety, which feed back to the limbic sys- 
tem. The sympathetic nervous system (SNS) stimulates the 
adrenal medulla to release the catecholamines, epinephrine 
(Epi) and norepinephrine (NEpi). This immediate response 
occurs within milliseconds of the perception of the stressor. 
Coactivated with the SNS is corticotropin-releasing hormone 
(CRH), which is secreted from the hypothalamus (paraven- 
tricular nucleus) and is the main neuropeptide regulator 
activating the hypothalamic—pituitary—adrenal CHPA) axis 
(Sapolsky, Krey, and McEwen 1986; Rivier 1991; Sapolsky, 
Romero, and Munck 2000). CRH acts as a neurotransmit- 
ter, helping integrate the animal’s sensory, behavioral, and 
endocrinological responses to stimuli (Lovallo 1997a). Direct 
innervation of the adrenal medulla results in the release of 
catecholamines to adjust physiological processes, and neu- 
rological connections via « and B adrenergic receptors serve 
to link the central nervous and immune systems, including 
lymph nodes. More details of these elements of the stress 
response are examined below, as the neurological factors 
interact with endocrinologic, physiologic, and immunologic 
factors. 


Endocrinologic Factors 


The primary endocrine components of the stress response 
are derived from the autonomic nervous system (NEpi), the 
adrenal medulla (Epi and NEpi), the hypothalamus (CRH and 
thyroid-releasing hormone [TRH]), the pituitary CHPA axis, 
the hypothalamic—pituitary—thyroid [HPT] axis), gonadotropin- 
releasing hormone (GnRH), growth hormone (GH), the adre- 
nal gland (cortisol, corticosterone, and aldosterone), the 
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Table 9.2 Endocrine Bioindicators of the Stress Response in Marine Mammals 


Bioindicator 
ACTH 


Epinephrine 
Norepinephrine 


Dopamine 
Cortisol 


Aldosterone 


Corticosterone 


Arginine 
vasopressin 
Thyroxine (T4) 


Triiodothyronine 
(T3) 


Reverse 
triiodothyronine 
(rT3) 


Insulin 


Testosterone 


Effect 
Increase 


No change 
No change 


Increase 

Increase or 
no change 

Increase 


Increase 
Increase 
Increase 


Increase 


Increase 


Increase 
Increase 
Increase 


No change 
Increase 
No change 


Increase in 
winter 

Decrease 

No change 


Increase in 
winter 
Decrease 
Increase 


No change 
Increase 


Decrease 


Stressor 
Capture and handling 


Underwater sounds 
Underwater sounds 


Underwater sounds 

Season/circadian 
pattern 

Capture and handling 
and transport 


Cold exposure 
Herpesvirus infection 


Strandings/ 
rehabilitation 
ACTH challenge 


Capture and handling 


Cold exposure 
Underwater sounds 
ACTH challenge 


Capture and handling 
Rehabilitation 
Capture and handling 


Season 
Capture and handling 
Capture and handling 
Season 
Capture and handling 


Capture and handling 


Capture and handling 

Glucocorticoid 
administration 

ACTH challenge 


Species 
Bottlenose dolphin (7ursiops 
truncatus) 
Beluga (Delphinapterus leucas); 
bottlenose dolphin 
Beluga; bottlenose dolphin 


Beluga; bottlenose dolphin 
Harbor seal (Phoca vitulina) 


Beluga; bottlenose dolphin 


Bottlenose dolphin 

Harbor seal 

Pilot whale (Globicephala 
melas); harbor seal 

Steller sea lion (Eumetopias 
jubatus); harbor seal; northern 
elephant seal (Mirounga 
angustirostris) 


Bottlenose dolphin; beluga 
Bottlenose dolphin 

Beluga; bottlenose dolphin 
Harbor seal; northern elephant 


seal 


Bottlenose dolphin 
Steller sea lion 
Bottlenose dolphin 


Harbor seal 

Bottlenose dolphin 
Beluga; bottlenose dolphin 
Harbor seal 

Beluga; bottlenose dolphin 
Beluga 

Bottlenose dolphin 
Bottlenose dolphin 


Northern elephant seal 


References 
Fair et al. 2014 


Thomas et al. 1990; Romano et al. 
2004 

Thomas et al. 1990; Romano et al. 
2004 

Romano et al. 2004 

Oki and Atkinson 2004 


St. Aubin and Geraci 1989 and 
1992; Thomson and Geraci 1986; 
St. Aubin et al. 1996; Harcourt et 
al. 2010; Spoon and Romano 
2012; Trumble et al. 2013 

Houser, Yeates, and Crocker 2011 

Gulland et al. 1999 

Geraci and St. Aubin 1987; 
Trumble et al. 2013 

Mashburn and Atkinson 2004, 
2007, and 2008; Ensminger et al. 
2014; Fair et al. 2014; Keogh and 
Atkinson 2015; Khudylakov et al. 
2015 

Thomson and Geraci 1986; St. 
Aubin and Geraci 1989; St. Aubin 
et al. 1996; Romano et al. 2011 

Harcourt et al. 2010 

Romano et al. 2004 

Ensminger et al. 2014; Keogh and 
Atkinson 2015; Khudyakov et al. 
2015 

Ortiz and Worthy 2000 

Petrasuskas et al. 2006 

Ortiz and Worthy 2000 


Oki and Atkinson 2004 


St. Aubin et al. 1996 


St. Aubin and Geraci 1988 and 
1992; Orlov, Mukhlya, and 
Kulikov 1988 

Oki and Atkinson 2004 


St. Aubin et al. 1996 
St. Aubin and Geraci 1988 and 
1992 


St. Aubin et al. 1996 
Reiderson and McBain 1999 


Ensminger et al. 2014 
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thyroid glands, and the brain (NEpi and -endorphins; 
Dunn 1995 and 1996; Lovallo 1997b; Atkinson et al. 2015). 
Through the hypothalamic control of the pituitary, adre- 
nocorticotropic hormone (ACTH) and thyroid-stimulating 
hormone (TSH) react in opposite directions to enhance the 
production and secretion of adrenal hormones, while sup- 
pressing the available forms of thyroid hormones to conserve 
energy. The renin—angiotensin—aldosterone system (RAAS) 
controls both blood pressure and sodium excretion, with 
aldosterone increasingly considered a secondary mediator 
of the stress response in marine mammals (Houser, Yeates, 
and Crocker 2011, Ensminger et al. 2014; Atkinson et al. 
2015; Keogh and Atkinson 2015). Secondarily, enkephalins, 
substance P, neuropeptide Y, prolactin, GH, vasopressin, 
angiotensin H, vasoactive intestinal peptides, and other 
pituitary hormones become involved in a cascading fash- 
ion (Breazile 1988; Dunn 1995, 1996; Atkinson et al. 2015; 
Khudyakov et al. 2015). For many of these, there are no 
specific data from marine mammals. Nevertheless, there 
has been significant progress in the last few decades in the 
understanding of how some of these hormones participate 
in the stress response in marine mammals (see Chapter 8; 
Table 9.2). 


Catecholamines Catecholamines (Epi and NEpi) are among 
the first endocrine mediators to act as part of the stress 
response. Their effects are induced rapidly, and circulating 
concentrations can be altered by the mere anticipation of a 
stressful event. NEpi is generally more reflective of muscular 
activity and discharge from the SNS than anxiety or alarm. 
Unlike many of the secondary hormones, the changes that 
they elicit subside quickly. Catecholamines have been mea- 
sured in numerous marine mammals, primarily pinnipeds 
and cetaceans, under conditions including capture and han- 
dling, diving physiology, and response to noise (Table 9.2). 
Understanding baseline concentrations is difficult due to the 
need to restrain animals for sample collection; thus, few stud- 
ies have normal baseline concentrations. One study that may 
be closest to measuring baseline concentrations of catechol- 
amines used well-trained Indo-Pacific bottlenose dolphins 
(Tursiops aduncus), maintained in a managed care setting 
(Suzuki et al. 2012). The authors reported elevated concentra- 
tions of catecholamines in winter and lack of diurnal patterns 
when long-term sample collections were obtained through 
voluntary participation of the dolphins. 

Thomas et al. (990) examined changes in catechol- 
amine concentrations in captive belugas (Delphinapterus 
leucas) exposed to playbacks of high-amplitude noise from 
oil-drilling rigs. Although the animals’ initial response was 
to flee, there was little or no consistent effect on circulat- 
ing levels of catecholamines (Epi: 0 to 101 pg/ml; NEpi: 160 
to 604 pg/ml). However, increased Epi, NEpi, and dopamine 
were measured in belugas exposed to noise from an air gun, 
but a bottlenose dolphin (Tursiops truncatus), exposed to the 
same, did not exhibit changes in catecholamines (Romano et al. 


2004). Transport of belugas produced significant increases in 
both Epi and NEpi that were coupled to increases in corti- 
sol (Spoon and Romano 2012). In elephant seals Wirounga 
angustirostris), an acute increase in Epi accompanied man- 
ual restraint, and a lack of a response resulted when chemi- 
cal sedation was used. for immobilization (Champagne et al. 
2012). Chasing and encirclement of pantropical spotted dol- 
phins (Stenella attenuata) resulted in the elevation of blood 
levels of dopamine and skeletal muscle enzymes, indicative 
of muscle damage (St. Aubin et al. 2013). 


Glucocorticoids The glucocorticoids, cortisol and corticos- 
terone, have long been recognized as relatively accessible bio- 
markers of the stress response. Baseline concentrations have 
been reported for several species (see Atkinson et al. 2015 for 
review), under various life history states (Crocker et al. 2012; 
Ensminger et al. 2014), seasonal scenarios (Gardiner and Hall 
1997, Oki and Atkinson 2004), and research or rehabilitation 
settings (Gulland et al. 1999; Petrauskas et al. 2008; Harcourt et 
al. 2010; Bennett et al. 2012; Champagne et al. 2012; Trumble 
et al. 2013). Because the glucocorticoid response to ACTH is 
very predictable, ACTH studies have been used to simulate an 
acute stressor, providing a different kind of baseline to which 
values from free-ranging marine mammals can be compared 
(Mashburn and Atkinson 2007; Ensminger et al. 2014; Keogh 
and Atkinson 2015). 

Capture and handling is a stressor that is of particular 
interest, as few diagnostic measures can be made without 
restraining or manipulating animals in managed care settings 
or in the wild. The results of multiple studies have not shown 
consistent results for cetaceans in that Thomson and Geraci 
(1986) compared cortisol concentrations in bottlenose dol- 
phins calmly captured and sampled within 10 minutes with 
those in dolphins subjected to 3 hours of pursuit prior to 
sampling. Concentrations of cortisol from the former group 
averaged approximately 1.25 g/dl, whereas the latter showed 
concentrations of 2.5 pg/dl. During the next 7 hours, when 
the animals were held in stretchers to simulate transport, and 
subject to collection of serial samples, cortisol concentrations 
for the most part did not rise above 4.7 g/dl, with no clear dif- 
ferences seen, based on the earlier treatment of the dolphins. 
Similarly, wild bottlenose dolphins unaccustomed to capture 
might be expected to exhibit a stronger glucocorticoid response 
to this stress, but no such difference was noted (St. Aubin et al. 
1996; Ortiz and Worthy 2000). Either the animals in those stud- 
ies were undisturbed by the procedures, the specimens were 
drawn before changes in cortisol occurred, or other assump- 
tions in our knowledge of the stress response for cetaceans are 
not correct. Clearly this is an area deserving of more research. 

The stress response in pinnipeds, either measured using 
ACTH to simulate an acute stressor or in response to a natural 
event, appears to be cleaner in that there is an acute response 
that appears within an hour, followed by complete cessation 
of elevated glucocorticoids within 24 hours (Gulland et al. 
1999; Mashburn and Atkinson 2004, 2007, 2008; Ensminger 
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et al. 2014; Keogh and Atkinson 2015). Regardless of the 
naive response, it is clear that training of all marine mammals 
in managed care settings leads to reduced stress responses 
(Desporte et al. 2007). 

Extreme elevations in cortisol have been noted in marine 
mammals in distress. Stranded pilot whales (Globicephala 
melas) on the shore for more than 6 hours showed levels up 
to 16 pe/dl, far in excess of any values recorded after ACTH 
stimulation or other handling (Geraci and St. Aubin 1987). 
Gulland et al. 1999) found that harbor seals (Phoca vitulina) 
infected with an adrenotropic herpesvirus showed elevated 
baseline cortisol concentrations that peaked at an average of 
38.7 + 16 pg/dl within 2 hours of death. It is likely that supra- 
physiological concentrations of glucocorticoids result from 
reduced hepatic clearance in animals in shock. Harbor seals 
that were successfully rehabilitated had elevated cortisol con- 
centrations at admittance to rehabilitation compared to those 
measured at release from rehabilitation (Trumble et al. 2013). 


Mineralocorticoids The mineralocorticoid aldosterone has 
not customarily been considered part of the stress response 
in most terrestrial mammals; however, a series of studies and 
other fortuitous observations have revealed its particular role 
in the stress response of marine mammals. It has been pos- 
tulated that the role of aldosterone in conserving water is 
beneficial to stressed marine mammals, especially those that 
may not soon have an opportunity to acquire water through 
feeding. Aldosterone has been shown to increase in response 
to a variety of stressors, including restraint and handling 
(Schmitt et al. 2010; Champagne et al. 2012), cold water expo- 
sure (Houser, Yeates, and Crocker 2011), and ACTH (St. Aubin 
and Geraci 1986, 1990; Gulland et al. 1999; Ensminger et al. 
2014; Keogh and Atkinson 2015). Elevations in aldosterone 
concentration have been shown to precede the cortisol rise 
after ACTH, although this response has not yet been shown 
to occur across marine mammal species. Aldosterone’s role 
in the stress response is currently receiving much deserved 
attention in several research studies. 


Thyroid Hormones The activity of the thyroid gland 
is modulated during stress to conserve resources for more 
urgent survival needs. Multiple studies have measured vari- 
ous forms of thyroid hormones in marine mammals. While 
baseline studies have been performed (Oki and Atkinson 
2004; Myers, Rea, and Atkinson 2006; Fair et al. 2011), major 
changes in thyroid hormones are known to occur associ- 
ated with molting (Routti et al. 2010; Atkinson, Arnould, and 
Mashburn 2011), fasting (Crocker et al. 2012; Kelso et al. 2012; 
Verrier et al. 2012), diving (Weingartner et al. 2012), acute 
capture (St Aubin and Geraci 1988; Bennett et al. 2012), and 
rehabilitation (Trumble et al. 2013). Reductions in circulating 
concentrations of triiodothyronine (T3) are known to occur in 
many species as a function of nutritional stress. Likewise, cor- 
tisol and exposure to chronic stressors are known to suppress 
TSH and inhibit the deiodination of thyroxine (T4) to T3. 


In belugas, St. Aubin and Geraci (1988, 1992) noted decreased 
levels of T3 approximately 6 to 8 hours after capture, whereas 
changes in T4 did not occur until more than 20 hours later. 
There was no recovery of T3 or T4 in these whales moni- 
tored for as long as 10 weeks. Because of its short half-life 
in circulation, T3 declines relatively rapidly, whereas T4 
shows a more gradual decrease from a larger pool of cir- 
culating hormone that is not being replenished from the 
thyroid gland. 

The stress response of the thyroid can be modulated by 
exposure to contaminants (Routti et al. 2010; Bechshoft et al. 
2012; see Chapter 15). One of the proposed mechanisms 
of disruption is the attachment of the phenolic metabolite 
of organochlorines to the binding sites on the transthyretin 
retinol-binding protein complex in plasma, resulting in dis- 
ruption of transport of hormones and vitamins to their target 
tissues (Villanger et al. 2011a, 2011b). 


Other Hormones There is increasing information on the 
role of other hormones in the stress response of marine mam- 
mals. The dynamics of GH, prolactin, insulin, and glucagon, 
among others, bear investigation, considering their impor- 
tance in producing metabolic adjustments that are advan- 
tageous during stress. Reidarson and McBain (1999) noted 
an increase in insulin levels in two dolphins given gluco- 
corticoids to stimulate appetite. Breath-holding and fasting 
are associated with natural increases in oxidative stress bio- 
markers. The ability to produce antioxidant defenses is well 
evolved in marine mammals (Vasquez-Medina et al. 2010, 
2012); however, the addition of multiple stressors may over- 
load the system. This is another area in need of additional 
research. 


Physiologic Factors 


An organism’s primary physiologic goal is to maintain meta- 
bolic homeostasis (Atkinson et al. 2015). For example, glu- 
cocorticoids (cortisol, corticosterone) have three functions in 
the stress response. They (1) alter carbohydrate metabolism 
to increase circulating energy substrates; (2) permit catechol- 
amines to act on metabolic pathways and blood vasculature; 
and (3) provide protective adaptations by limiting immuno- 
logical reactions, including inflammation, thus minimizing 
cell and tissue damage (see Chapter 11). 

The sensitivity of aldosterone to stimulation from the 
pituitary and higher neurological centers in phocid seals pro- 
vides a mechanism that is subject to exhaustion and failure 
during chronic stress. The result is hyponatremia, which can 
occur not only in salt-restricted environments, as might be 
expected, but also as a consequence of a variety of non- 
specific stresses such as vitamin deficiency (Geraci 1972b; 
Engelhardt and Geraci 1978). In the wild, ringed seals in 
poor body condition from undetermined causes also exhibit 
hyponatremia, suggesting that they were chronically stressed 
(Geraci, St. Aubin, and Smith 1979). 
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The most devastating form of acute stress is capture myop- 
athy, whereby the activities of capture, handling, restraint, and 
transport result in a complex biochemical condition that can 
be fatal. Cardiac response to stress in dolphins and investiga- 
tions on stranded cetaceans have revealed a pattern of patho- 
logical lesions suggestive of massive release of endogenous 
catecholamines (Turnbull and Cowan 1998; Cowan 2000), 
which are consistent with those in laboratory animals injected 
with catecholamines and in humans with stress cardiomy- 
opathy. The physiological systems affected by catecholamines 
are many but principally involve the cardiovascular system 
and energy metabolism, to prepare the organism for immedi- 
ate action. Contraction band necrosis in cardiac and skeletal 
muscle, along with injuries of ischemia and reperfusion in gut 
and kidney, is a manifestation of an excessive and prolonged 
alarm response, with fatal consequences. These observations 
may account for the abrupt deaths during handling of highly 
stressed, stranded marine mammals. The adrenal glands from 
95% of 90 spinner dolphins and 172 spotted dolphins chased 
during capture showed darkened adrenal cortices, which 
were interpreted as a consequence of continuous acute stress 
and/or vasogenic shock leading to death (Myrick and Perkins 
1995). 

Stress-induced elevations of glucocorticoids may affect 
the reproductive system by inhibiting hypothalamic secre- 
tion of GnRH, blocking the release of luteinizing hormone 
(LH) and _ follicle-stimulating hormone (FSH), and altering 
the gonadal response to LH and FSH secretion (Rivier and 
Rivest 1991). CRH, ACTH, glucocorticoids, and B-endorphins 
secreted in response to stressful stimuli can inhibit reproduc- 
tive processes (see Chapter 10). At present, there is little 
specific information on these pathways in marine mammals. 


Immunologic Factors 


For many years, the potent anti-inflammatory and immuno- 
suppressive properties of glucocorticoids were not readily 
reconciled with the concept that the stress response better 
equips the organism to meet potentially threatening condi- 
tions. An effective immune system would seem to be the best 
defense against opportunistic pathogens. Yet, it is widely 
recognized that stress can render individuals more, rather 
than less, susceptible to disease (Levine 1993; Leonard and 
Miller 1995). The suppressive action of glucocorticoids on 
the immune system is necessary to keep in check a power- 
ful complement of cells and cell mediators that eventually 
would be detrimental (Keller, Schleifer, and Demetrikopoulos 
1991). Some of the mediators released during inflammation 
stimulate CRH secretion from the hypothalamus and, con- 
sequently, increase ACTH and cortisol levels to abate the 
immune response (Table 9.3). 

Immunodiagnostics in marine mammals are considered 
in Chapter 11. Failure of lymphocytes to respond to mito- 
gens can be an indicator of severe immune system deficiency, 
possibly as a result of stress. For example, a young gray seal 


with elevated cortisol concentrations showed no response to 
intradermal phytohemagglutinin (PHA) and died 12 hours 
later of a respiratory infection (Hall, Licence, and Pomeroy 
1999). Zenteno-Savin et al. (997) have examined circulating 
levels of haptoglobins (Hp) as potential indicators of chronic 
stress in aquatic mammals from declining populations in 
Prince William Sound, Alaska (Duffy et al. 1993). Elevated lev- 
els of these proteins were associated with infection, inflam- 
mation, trauma, and tumors (Table 9.3). 

Leukocyte counts are a convenient, albeit “low-tech,” 
approach to recognizing stress in these animals. The clas- 
sic stress leukogram (leukocytosis, neutrophilia, eosinopenia, 
lymphopenia) attributable to the action of glucocorticoids 
on the immune system has been described in marine mam- 
mals subjected to capture or transportation stress, treated 
with glucocorticoids, or following ACTH administration 
(Reidarson and McBain 1999; Romano et al. 2004; Keogh and 
Atkinson 2015). Increased total white blood cells in circula- 
tion after ACTH stimulation in harbor seals were mainly due 
to increased neutrophils, concomitant with a decrease in lym- 
phocytes (Keogh and Atkinson 2015). Dexamethasone sup- 
pressed lymphocyte proliferation in gray seals (Halichoerus 
grypus) injected intradermally with the mitogen PHA (Hall, 
Licence, and Pomeroy 1999). Taken together, these obser- 
vations demonstrate that the immune systems of marine 
mammals display similar sensitivities as other species to 
stress-related hormonal changes, and that stress may com- 
promise their ability to resist infection. 

The immune system is also subject to direct regulation 
by the central nervous system. In belugas, as in other mam- 
mals, lymphoid organs are innervated by noradrenergic and 
peptidergic fibers (Romano et al. 1994). Activation of central 
structures during the stress response therefore has the poten- 
tial to affect immunological activity. In addition, other factors 
such as body condition and anthropogenic influences may 
impact the immune response through endocrine modulation 
with innate versus adaptive immunity exhibiting differential 
responses due to elevated stress hormones (Brock et al. 2013; 
Peck, Costa, and Crocker 2016). 


Indicators of Acute and Chronic Stress 


To help diagnose and treat stress in marine mammals, we 
need to develop and validate clinically useful laboratory tests 
to better quantify acute, prepathological, and chronic stress 
reactions. The stress response due to acute versus chronic 
stressors is a continuum, with the acute response generally 
thought of as beneficial to the animal, while the chronic 
response degrades to being pathological or detrimental to 
the organism. The line between the beneficial and detrimen- 
tal responses is very unclear and likely shifts as a function 
of environment, body condition, and cumulative stressors. 
Because the stress response is a series of complex interrelated 
events, differing from species to species and from individual 
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Table 9.3 Hematological and Blood Chemistry Bioindicators of the Stress Response in Marine Mammals 


Factor 
Leukocytes 


Neutrophils 


Eosinophils 


Monocytes 
Lymphocytes 


Lymphocyte 
proliferation 


Potassium 


Sodium 


Creatine kinase 
Haptoglobins 
Alkaline phosphatase 


Gamma- 
glutamyltransferase 

Contraction band 
necrosis 

Cytokines 


Effect 
Increase 


Increase 


Increase 
Decrease 


Decrease 
Decrease 


Decreased 
proliferation 
(in tissue) 

No change 

Increase 


Decrease 
Reduced 
Increase 
No change 
Decrease 


No change 
Increase 


Increase 


Decrease 


Increase 


Present (in 
tissue) 

Altered 
patterns 


Stressor 
Capture and handling 


Capture and handling 


Glucocorticoid 
administration 

ACTH challenge 

Capture and handling 


Sound exposure 
ACTH challenge 
Capture and handling 


Glucocorticoid 
administration 


Intradermal PHA injection 


Handling 


ConA, pokeweed mitogen 


(PWM) 

PHA, LPS 
Contaminants 
Capture 
Capture and handling 
Nutritional stress 


Disease 
Capture and handling 
Handling 


Disease 


Disease 
Sound exposure 
Sound exposure 


Stranding 


Metal toxicity 


Species 
Beluga (Delphinapterus 
leucas) 
Ringed seal (Phoca 
hispida) 
Beluga 
Bottlenose dolphin (Tursiops 
truncatus) 
Ringed seal 
Bottlenose dolphin 


Harbor seal (Phoca vitulina) 
Beluga 
Bottlenose dolphin 


Ringed seal 
Bottlenose dolphin 
Harbor seal 
Beluga 

Bottlenose dolphin 
Ringed seal 
Bottlenose dolphin 


Gray seal (Halichoerus 
grypus) 


Bottlenose dolphin 
Harbor seal 


Harbor seal 

Harbor seal 

Dugong (Dugong dugon) 

Bottlenose dolphin 

Harp seal (Pagophilus 
groenlandicus) 

Ringed seal 

Bottlenose dolphin 

Harp seal 

Beluga 

Steller sea lion (Eumetopias 
jubatus); harbor seal 

Bottlenose dolphin 

Beluga 

Beluga 


Various cetacean species 


Gray seal; harbor seal 


References 
St. Aubin and Geraci 1989 


Geraci and Smith 1975 


St. Aubin and Geraci 1989 
Medway and Geraci 1964 


Geraci and Smith 1975 
Medway, Geraci, and Klein 1970 


Keogh and Atkinson 2015 
St. Aubin and Geraci 1989 
Medway and Geraci 1964; 
Thomson and Geraci 1986 
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Romano et al. 2004 
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St. Aubin and Geraci 1989 
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de Swart et al. 1996; Ross 2002 
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Marsh and Anderson 1983 

Ortiz and Worthy 2000 

Geraci 1972a and 1972b; 
Englehardt and Geraci 1978 

Geraci et al. 1979 

Ortiz and Worthy 2000 

St. Aubin, Austin, and Geraci 1979 

St. Aubin and Geraci 1989 
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to individual within each species, there is no clear-cut diag- 
nostic that is easily used by the practitioner. With that in mind, 
there is a combination of factors that can be used to help dif- 
ferentiate between acute and chronic stress responses. 


Acute Kesponse 


Behavioral assessments are commonly used to recognize an 
acute stress response. Anxiety or “materially altered behaviors” 
(ie., change in normal behaviors) are often the first outward 
sign of an animal exhibiting a stress response. The language 
of “materially altering the behavior” is used as a standard 
both in the US Animal Welfare Act (Public Law 89-544; 1966) 
as well as by granting agencies and professional societies to 
ensure that studies on free-ranging animals do not influence 
the original intent of the research by adding a component of 
the stress response (Sikes and Gannon 2011; see Chapter 5). 
Anxiety, fear, or the perception of a stressor results from the 
release of NEpi from the noradrenergic neurons in the brain 
stem locus coeruleus. In some situations, passivity rather than 
hyperactivity might signal stress, and the alteration of behav- 
ior may be subtle or very distinctive and obvious. Acute stress 
responses are mainly supportive of metabolic homeostasis 
and thus allow the animal to physiologically defend itself and 
cope with stressors that are of short duration. 

The acute stages of the stress response are often examined 
through analysis of blood constituents. In addition to, and as 
a consequence of, the hormonal changes described earlier 
(Table 9.2), ketosis, hyperlipemia, hyperglycemia, hyperami- 
noacidemia, and metabolic acidosis signal increased hepatic 
gluconeogenesis, and lipid and protein catabolism; hemato- 
logical changes may follow the previously described stress 
leukogram (Table 9.3). Exertional stress during capture and 
handling can lead to muscle damage and the release of diag- 
nostically useful indicators, such as creatine kinase, amino- 
transferases, and potassium (see Appendices 1 through 3). 


Chronic Response 


Chronic stress may occur if stressors are frequent, intermit- 
tent, repetitive, or prolonged in duration or intensity. Chronic 
stress can produce one of two responses: (1) habituation, 
in which the stress response decreases with each episode 
and the physiology of the organism becomes desensitized to 
the stressor; or (2) sensitization, where the stress response 
increases with each episode and the physiology of the organ- 
ism displays an inability to adapt, with the potential for endo- 
crine and immune exhaustion to ensue. In chronic stress, 
there can be sustained activation of the HPA axis, producing 
repetitive, pulsatile secretions of glucocorticoids. 

The chronic effects of stress are difficult to diagnose, 
and even more difficult to relate back to specific stressful 
events, largely due to the interconnections in the neurologic, 
physiologic, endocrinologic, and immunologic systems and 
the cumulative effects of multiple stressors (Figure 9.1). 


Nevertheless, it is a task commonly presented to medi- 
cal professionals and biologists, particularly in populations 
that are failing to thrive or have been listed as threatened or 
endangered. In reality, chronic stress is probably of greater 
significance in terms of an animal’s well-being than short- 
term responses to transient stimuli. Impaired growth and 
reproduction, frequent infection, and pathological changes in 
organs are among the many consequences that can be linked 
to chronic stress. 

Experience shows that adrenal glands are an indicative 
site to examine for morphological evidence of chronic stimu- 
lation. Several cetacean species necropsied after stranding, 
including Atlantic white-sided dolphins (Wagenorhynchus 
acutus), harbor porpoises (Phocoena phocoena), belugas, 
and a common dolphin (Delphinus delphis), had adrenocor- 
tical cysts on necropsy exam (Kuiken et al. 1993). Belugas 
from the St. Lawrence River have been reported with high 
prevalence of adrenal lesions, including cortical hyperplasia, 
cortical and medullary nodular hyperplasia, and serous cysts, 
which were increasingly common in older whales (Lair et al. 
1997). Chronic exposure to organohalogens was suggested as 
an underlying cause of adrenal hyperfunction in this species 
(De Guise, Legace, and Beland 1994; see Chapter 15). These 
compounds are highly toxic in vitro to adrenal mitochondria 
from gray seals, inhibiting glucocorticoid-synthesizing enzymes 
and leading to adrenal hyperplasia (Lund 1994). Associations 
are frequently made among overwhelming, but nonspe- 
cific, pathological changes in free-ranging marine mammals 
and the stressors imposed by a contaminated environment. 
Bergman and Olsson (1985) described adrenocortical hyper- 
plasia in gray and ringed seals (Phoca hispida) found dead 
along the shores of the Baltic Sea. The animals also exhib- 
ited a variety of lesions, including claw and digit deformities; 
bone lesions, particularly around the teeth; overburdens of 
acanthocephalans (Corynosoma spp.) in the proximal colon; 
intestinal ulcers; arteriosclerosis of the aorta and its bifur- 
cations; and uterine leiomyomas, stenosis, and occlusion. 
Adrenal changes may have been a consequence of exposure 
to endocrine-disrupting compounds and the cumulative 
effects of multisystemic disease. At the same time, adrenal 
hyperactivity might have further compromised an immune 
system already suppressed by environmental contaminants 
(de Swart et al. 1994). 


Conclusions 


In virtually every clinical situation, stressors and the stress 
response must be addressed, since disease itself is a stressor 
and may only be one of the multitude of stressors influencing 
the patient. The term is too often applied indiscriminately as 
a convenient “catchall” when efforts to reach some other diag- 
nosis fall short. Advancement of understanding of this impor- 
tant determinant of marine mammal health will depend on a 
focused, scientific approach to documenting the continuum of 
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stress responses, from the sometimes beneficial acute stress 
response to the potentially lethal chronic response. 

Marine mammal stress research has advanced consider- 
ably in recent years. The goals of stress research are twofold: 
first, to conduct interdisciplinary studies of the interactions 
among endocrine, immune, physiological, and neurological 
systems that maintain homeostasis, control acute stress, and 
respond to internal and external stressors, and second, to 
develop a broad database of bioindicators that will improve 
the ability to recognize and manage stress in the animals both 
in the managed care setting and in the wild. Many useful 
recommendations for future research have been described in 
this chapter, as well as provided by the Atkinson et al. (2015) 
and NAS (2016) reviews. These studies are logistically difficult 
in most marine mammal species, and it behooves the field of 
stress physiology to collect opportune research samples when 
animals present with unique conditions. 
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Introduction 


The reproductive physiology of marine mammals is a diverse 
topic, yet most information has been collected from a few 
species of cetaceans and pinnipeds, often in aquarium set- 
tings. During the following discussions, we use one or two 
species to make generalizations about the reproductive func- 
tion of entire families. These generalizations must be inter- 
preted with caution, as important differences exist between 
species. When possible, we have pointed out exceptions to 
our general models, but in many instances, reproductive 
parameters have been measured for only a few species. We 
will focus on reproductive aspects of species most likely to be 
encountered by veterinarians, marine biologists, and marine 
mammal caretakers, working with animals in managed care 
settings. 

This chapter assumes the reader has a basic knowledge 
of the physiology of mammalian reproduction. Early pub- 
lications by Harrison and Ridgway (1971), Richkind and 
Ridgway (1975), Hill and Gilmartin (1977), Kirby (982), 
Sawyer-Steffan et al. 983), Kirby and Ridgway (984), 
Schroeder (1990a,b), and Schroeder and Keller (1989, 1990) 
documented work with bottlenose dolphins (Zursiops trun- 
catus). Perrin et al. 1984), and more recently Atkinson 
and Yoshioka (2007) and Miller (2007), reviewed cetacean 
reproduction. For pinnipeds, Stirling 983) reviewed mat- 
ing systems, and Reidman (1990) provided useful tables on 
reproductive timing and maternal care. A review of reproduc- 
tion by Atkinson (1997) focused primarily on seals and sea 
lions; and, most recently, Boyd et al. (1999) reviewed repro- 
ductive physiology, timing of reproduction, and different life 
history strategies for pinnipeds, sirenians, and cetaceans. 
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Physiology of Reproduction 


While the reproductive function of mammals varies among 
species, the hormones involved and their general functions 
tend to be conserved across the classes of mammals. A gen- 
eral review of the control of reproduction, with emphasis 
on the estrous cycle, will give the reader a foundation from 
which other reproductive processes can be discussed in both 
the male and female. If a more detailed understanding of the 
physiology of these processes is desired, there are a number 
of good reference books available (Cupps 1991; Hafez and 
Hafez 2000; Plant and Zeleznik 2014). 

Mammalian reproduction is regulated by a series of neu- 
rological and hormonal feedback mechanisms involving the 
hypothalamus, pituitary, and gonads. These three organs are 
commonly referred to as the hypothalamic—pituitary—gonadal 
axis (see Chapter 8). The effects that photoperiod and other 
environmental stimuli have on reproductive events provide 
evidence that neurologic transduction of these stimuli in the 
brain leads to control of reproductive events. Most of this 
transduction appears to occur in the hypothalamus and asso- 
ciated nuclei, where neurons originate that secrete hypo- 
physiotropic hormones into the hypophyseal portal system. 
These hormones control the pituitary gland, including the 
anterior pituitary, which synthesizes and secretes the gonado- 
trophins, luteinizing hormone (LH), and follicle stimulating 
hormone (FSH). 

Gonadotropin-releasing hormone (GnRH) is one of the 
hypophysiotropic hormones and is of primary importance 
in regulating reproductive endocrinological events. GnRH 
receptor binding in the anterior pituitary causes LH and FSH 
to be released into circulation. GnRH secretion is important 
for reproductive control and is pulsatile in nature. Secretion 
of GnRH is mediated by a pulse generator located in the 
mediobasal hypothalamus. The episodic generation of GnRH 
translates into a subsequent pulsatile release of LH and FSH 
from the anterior pituitary. The significance of the episodic 
secretion is apparent when comparing the effects of exog- 
enous GnRH delivered as a constant infusion or as a pulse 
infusion (Ganong 1991). GnRH receptors in the anterior pitu- 
itary rapidly downregulate in both numbers and sensitivity 
when exposed to continual GnRH input and upregulate when 
GnRH concentration is low. Thus, constant GnRH infusion 
first stimulates LH release, and then as receptor sensitivity 
decreases, GnRH will inhibit LH release (Nett et al. 1981, 
Conn et al. 1987; Blue et al. 1991). This response is the basis 
for the use of GnRH agonists as contraception agents and 
will be discussed below. Control of GnRH release is medi- 
ated by neurological input, autocrine regulatory mechanisms 
of GnRH neurons, and feedback from gonadal hormones. 
Feedback appears to have direct effects on the hypothalamic 
pulse generator by causing changes in the amplitude and fre- 
quency of GnRH release. The basic model for this control is 
based on primate, rodent, and sheep research, but the control 
appears to be similar in most mammalian species. 


During the early follicular phase of the estrous cycle, FSH 
production is slightly elevated. This increase in FSH produc- 
tion results in follicular recruitment and growth, and causes 
an increase in LH receptor concentrations in the follicle(s) 
(Brown, Schoenemann, and Reeves 1986). Estrogen has also 
been positively correlated with numbers of LH receptors in 
the preovulatory follicle. As the follicles continue to expand 
or grow, estrogen is produced through paracrine interac- 
tions between thecal and granulosa cells that line the follicle. 
Increased estrogen production initially inhibits both FSH and 
LH secretion from the pituitary. As the follicle(s) approaches 
preovulatory stage, estrogens reach maximal production (the 
preovulatory estrogen surge) and exert a positive effect on 
frequency and amplitude of GnRH secretion, resulting in 
the preovulatory LH surge. Luteinizing hormone causes the 
follicle to produce a small two-subunit glycoprotein, called 
inhibin. Inhibin not only suppresses FSH production but also 
increases thecal cell sensitivity to LH in the preovulatory folli- 
cle (Baird and Smith 1993). This combination of increased LH 
receptors and increased sensitivity to LH ensures an adequate 
response to the LH surge and ovulation. 

Once ovulation occurs, granulosa and thecal cells are con- 
verted to progesterone-secreting large and small luteal cells, 
respectively (Hendricks 1991). These morphologically differ- 
ent luteal cells appear to have different functions in the corpus 
luteum (CL) and have been shown to have different secretory 
capacities. The luteal cells of the recently ruptured follicle, 
termed the corpus hemorrhagicum, rapidly organize into the 
CL. Progesterone, and to a smaller extent estrogen, produced 
by the CL inhibit LH and FSH secretion by decreasing the fre- 
quency of GnRH release from the hypothalamus. If the cycle is 
nonfertile, the uterus releases a series of five to eight pulses of 
prostaglandin F,,, (PGF,,), which, in turn, results in luteal regres- 
sion thought to be mediated by PGF,, receptors on large luteal 
cells. The release of PGF,,, at least in nonprimate mammals, 
appears to be initiated by pulsatile oxytocin release from the 
neurohypophysis, encouraged by release of oxytocin from the 
CL, and a concomitant decrease in circulating progesterone and 
estrogen (Niswender et al. 2000). The decrease in progesterone 
and estrogen allows the GnRH pulse generator to once again 
increase in frequency and amplitude, resulting in FSH and LH 
secretion, and initiating folliculogenesis of the next cycle. 

The pineal gland influences reproductive function by 
transducing photoperiodic messages to chemical messages 
through innervation in the superior ganglia (Lindsay 1991). In 
response to changes in photoperiod, the pineal gland releases 
melatonin. The increase in melatonin appears to inhibit repro- 
duction by affecting the pulsatile release of LH. Melatonin is 
synthesized only during dark hours, and its production can 
be inhibited by nocturnal exposure to artificial light. In sea- 
sonal mammals, prolactin produced primarily by the anterior 
pituitary displays seasonal patterns under the influence of 
melatonin secretion, but the precise neuroendocrine mecha- 
nisms governing seasonal prolactin concentrations in any spe- 
cies remain unclear. Prolactin production displayed a seasonal 
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pattern in female beluga (Delphinapterus leucas), where 
these cetaceans are classified as seasonal breeders (Steinman 
et al. 2012). In addition, a 6-month shift of seasonal repro- 
ductive activity was observed when Commerson’s dolphins 
(Cephalorbynchus commersonii), which were collected off the 
southern coast of Chile, were moved to San Diego (Kastelein, 
McBain, and Neurohr 1993). More recently, an experimen- 
tal early seasonal increase in the length of light exposure to 
captive male finless porpoises (Neophocaena phocaenoides 
asiaeorientalis) appeared to promote an early return of repro- 
ductive activity during the following breeding season (Yu et 
al. 2016). Despite these observations, the presence of a distinct 
pineal gland or an extrapineal source of melatonin in a ceta- 
cean remains to be detected. In contrast, the pineal gland is 
obvious and well characterized in pinnipeds. 


Pinniped Reproduction 


Pinniped reproduction has been reviewed in detail (Atkinson 
1997, Boyd, Lockyer, and Marsh 1999). Thus, the pinniped 
portion of this chapter summarizes basic reproductive physi- 
ology and focuses on clinically significant parameters. The 
tremendous variability that exists between the three pinni- 
ped families (Phocidae, Otariidae, and Odobenidae), and the 
lack of information on their reproductive physiology, pre- 
cludes detailed discussion concerning every species. Instead, 
gross generalizations have often been made out of necessity. 
Research with example species will be used to describe char- 
acteristics of pinniped reproductive parameters. We realize 
that species level differences occur across marine mammal 
taxa; thus, we advise any reader who truly wants a deeper 
appreciation of a particular species to use this chapter as a 
beginning, or foundation, for further inquiry. 


Female Pinniped Reproduction 


Reproductive Cycle For this chapter, the reproductive cycle 
is defined as the period during which all major components 


of reproduction are experienced. These components arbi- 
trarily begin with a fertile estrous period @which includes 
estrus, ovulation, and conception), followed by embryonic 
diapause, active or placental gestation (including fetal growth, 
development, and parturition), lactation, and back to a fertile 
estrous cycle, sometimes following a variable length anestrous 
period. For a summary of reproductive events in pinnipeds, 
see Table 10.1. As most marine mammals have some seasonal 
component to their reproductive cycles, and because season- 
ality has a direct impact on when a fertile estrus can occur, 
seasonality of reproductive events is included at the end of 
the male reproduction section of this discussion, as are other 
events that influence or are coincident with reproduction. 


Estrous Cycle The estrous cycle of pinnipeds is closely tied 
to a typical annual reproductive cycle. The exceptions are 
an 18-month cycle of Australian sea lions (Veopboca cine- 
rea) and a 2-year cycle for walrus (Odobenus rosmarus) (Fay 
1981, 1982; Gales et al. 1992; Garlich-Miller and Stewart 1999). 
Available data suggest that otariids and phocids are mon- 
estrous, spontaneous ovulators, and if pregnancy does not 
occur, they do not automatically have a second estrous cycle 
until the following year. The known exception to this general- 
ity is the Hawaiian monk seal (Neomonachus schauinslandi), 
which has been shown to exhibit polyestrous activity (wasa 
and Atkinson, 1996; Iwasa, Atkinson, and Kamiya 1997). 
Galapagos sea lions (Zalophus wollebaeki) also display low 
synchrony in their breeding cycle and have the potential to 
be polyestrous, although this aspect of their reproduction has 
not been studied (Villegas-Amtmann, Atkinson, and Costa 
2009). Polyestrous activity may be a result of the animal’s 
subtropical environment and lesser dependency on a tightly 
synchronized annual reproductive cycle than other species, 
or a reflection of true reproductive potential of pinnipeds. 

In the last few decades, many of the studies on reproduc- 
tion in pinnipeds have focused on using steroid profiles to 
characterize various phases of reproductive cycles and rates 
(Pietraszek and Atkinson 1994; Atkinson 1997; McKenzie 
et al. 2005; Browne et al. 2006; Greig et al. 2007; Villegas- 
Amtmann, Atkinson, and Costa 2009; Tomita et al. 2011, 


Table 10.1. Reproductive Characteristics between Pinniped Families 
Family 
Reproductive Characteristics Phocids Otariids Odobenids 
Age of sexual maturity (years) 2-7 (Female) 3-9 (Female) 7-8 (Female) 
3-8 (Male) 3-8 (Male) 9-10 (Male) 
Timing of postpartum ovulation End of lactation 3-28 days Midlactation 
Duration of lactation 4—60 days 3-24 months 24+ months 
Length of diapause 1.5—4.5 months 3—5 months 4—5 months 
Total gestation interval ~11 months 1-17 months 15 months 
Mating habitat Aquatic, terrestrial, Terrestrial or at water's Terrestrial or ice 
and ice edge 
Sexual dimorphism None or slight Yes Yes 


Source: Modified from Atkinson, S., Reviews in Reproduction 2: 175-194, 1997. 
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Kinoshita et al. 2012). Progesterone is generally accepted as 
being elevated due to ovulation and formation of the corpus 
luteum (CL). For example, elevated progesterone concentra- 
tions in the sera of walruses were used to detect ovulation 
and relate endocrine concentrations to cellular changes in the 
vaginal epithelium (Kinoshita et al. 2012). Various forms of 
estrogens have been measured less frequently, as estradiol- 
178 (E2) typically has very low concentrations in circulation, 
and its preovulatory elevation is short in duration. Measuring 
multiple forms of estrogen, total estrogens, or estrogen 
metabolites (e.g., estrone sulfate) are all methods used to get 
around the challenge of low concentrations of E2 (Pietraszek 
and Atkinson 1994; Browne et al. 2006). Throughout gesta- 
tion, it is the CL that produces the progesterone to sustain 
the pregnancy. The placentae of pinnipeds do not have the 
appropriate enzymes to synthesize progesterone (Ishinazaka 
et al. 2002). 

Synchrony of the estrous cycle is tied to the onset of 
parturition, where the diminishing levels of circulating pro- 
gesterone are the trigger causing the pinniped hypothalamus 
to begin increased GnRH secretion, LH and FSH release, and 
initiating the next cycle of follicular recruitment and devel- 
opment. Of the 15 species of otariids, northern fur seals 
(Callorbinus ursinus) have had the most research conducted 
on their reproductive biology and can serve as a model for 
other fur seal species. In northern fur seals, follicular recruit- 
ment begins in February in the ovary corresponding to the 
nongravid side of the reproductive tract, with parturition 
and ovulation in July (Craig 1964), coincident with increased 
serum progesterone concentrations (Browne et al. 2006; 
Tomita et al. 2011). In phocids and walrus, follicular activity 
is also enhanced on the ovary of the nongravid side of the 
reproductive tract (Larsen and Atkinson, unpubl. data), and 
cornified anucleated vaginal cells have been observed at the 
time of ovulation (Pietraszak and Atkinson 1994; Kinoshita 
et al. 2012). Follicular maturation continues either during 
late pregnancy or lactation, and results in a rapid rise in 
estrogen production, a presumptive LH surge, and ovulation. 
This rise in estrogen, which has been observed in north- 
ern fur seals, lasts less than 5 days and reaches circulating 
concentrations greater than 30 pg/mL (Kiyota et al. 1999). 
Estrus in Hawaiian monk seals last 2-6 days (Atkinson et 
al. 1994; Pietraszek and Atkinson 1994). In the northern 
fur seal, multiple waves of follicular recruitment result in 
approximately four Graffian follicles greater than 10 mm in 
diameter around the time of parturition. From this group of 
follicles, one is selected and ovulates 3—5 days after parturi- 
tion (Craig 1964). Follicular growth and ovulation that occurs 
on alternating ovaries during subsequent pregnancies seems 
to be the norm for pinnipeds. It appears that the presence 
of a CL inhibits follicular activity on the ipsilateral ovary to 
a greater degree than the contralateral ovary due to some 
local or paracrine effect (Craig 1964; Amoroso et al. 1965; 
Boyd 1983). As with other mammals, in all species of pinni- 
peds, the CL regresses and circulating progesterone declines 


rapidly after parturition (Boyd 1983; Iwasa, Atkinson, and 
Kamiya 1997; Kiyota et al. 1999). 

It appears that most, if not all, pinnipeds have either 
postpartum or postlactational estrus periods, but the timing 
varies somewhat within otariids, and significantly between 
otariids, phocids, and walrus. Most otariids have a postpar- 
tum estrus 6-12 days after birth (Pitcher and Calkins 1981, 
Gales et al. 1992; Maniscalco, Parker, and Atkinson 2006; 
Katz, Pessina, and Franco-Trecu 2013). California sea lions 
(Zalophus californianus) and Galapagos sea lions, however, 
appear to be exceptions among otariids in that their estrous 
period is approximately 1 month and 3 weeks after birth, 
respectively. However, in phocids, estrus begins toward the 
end of lactation or after weaning (Testa et al. 1990; Johanos, 
Becker, and Ragen 1994; Hammill and Gosselin 1995). In 
walrus, although an approximate 4-month postpartum estrus 
occurs in late summer, conception cannot occur because 
males are infertile at this time. The females have a second 
midlactational estrus approximately 6 months later, around 
February, during the peak male fertility (Fay 1981; Riedman 
1990). Thus, walruses can be considered polyestrous but func- 
tionally monoestrous, with the potential fertility of the late 
summer postpartum estrus unknown. At one facility housing 
two walruses, male reproductive activity was asynchronous 
to that of the female, whereby he was experiencing peak 
sperm production 2 to 3 months prior to the female coming 
into estrus. The female was only able to conceive once the 
male was induced to produce sperm using gonadotrophin 
treatment during the female’s regular annual estrus period 
(Muraco et al. 2012). 


Pregnancy and Pseudopregnancy Pregnancy in pinni- 
peds can be divided into five distinctly important events: 
(1) conception, (2) embryonic diapause, (3) embryo reactiva- 
tion and implantation, (4) fetal development, and (5) parturi- 
tion. In otariids, it appears that an obligate pseudopregnancy 
ensues after ovulation, regardless of the presence of a nor- 
mal blastocyst (Boyd 1991; Atkinson 1997). However, after 
the approximate 3-5 months physiologically allotted time for 
embryonic diapause, uterine development and placental for- 
mation can only occur if a functional blastocyst is present. The 
specific period during embryonic diapause or gestation when 
maternal recognition of pregnancy occurs remains unknown. 

The CL is responsible for producing progesterone, 
which is necessary to sustain pregnancy. Studies on placen- 
tal enzymes have demonstrated that the placentae lack the 
necessary enzymes to synthesize sufficient quantities of pro- 
gesterone ([shinazaka et al. 2002; Blomquist and Atkinson, 
unpubl. data). In addition, placental gonadotrophins iso- 
lated by Hobson and Boyd (1984) also appear to be required 
for CL function in some species. The fetal-placental unit is 
thought to be responsible for the metabolic maintenance of 
pregnancy. Fetal production of adrenal or gonadal hormones 
results in hypertrophy of these organs, which are similar in 
size at birth to adult organs, but rapidly regress in size until 
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puberty. As in other mammals, the fetal adrenal glands are 
thought to initiate parturition. 

A complete monitoring of pinniped serum progesterone 
and estrogen was done by Kiyota et al. (1999) on four north- 
ern fur seals during two consecutive years. They observed 
an initial rise in progesterone to 20-30 ng/mL in July, indi- 
cating ovulation. Progesterone concentrations dropped to 
5-10 ng/mL during embryonic diapause from August through 
October, and increased again in November to 25-35 ng/mL 
(similar to observations in wild fur seals; Daniel 1974). This 
pattern was observed in seven cycles, but only two resulted 
in pregnancy. One of the cycles had an initial progesterone 
spike of around 8 ng/mL that rapidly dropped to slightly over 
1 ng/mL. Northern fur seals were also used to assess relaxin 
concentrations, which were significantly higher in pregnant 
than nonpregnant adult females, and did not appear to reflect 
the period of pseudopregnancy (Bergfelt et al. 2010). 

The hormonal profiles in nonpregnant fur seals studied 
by Kiyota et al. 1999) appeared similar to the two hormonal 
profiles of pregnant animals, providing evidence that otariids 
exhibit an obligatory pseudopregnancy. That is, maintenance 
of the CL is not dependent upon maternal recognition of 
pregnancy or an embryonic product. The presence of circu- 
lating progesterone also contradicts the assumption that the 
CL was nonfunctional in late gestation (Laws 1955). In con- 
trast, endocrine data from the harbor seal (Phoca vitulina) 
show evidence for pseudopregnancy that only lasts through 
embryonic diapause, with blood progesterone levels declin- 
ing rapidly after the window of implantation has occurred 
in nonpregnant seals (Atkinson 1997; Reijnders 1991). High 
circulating levels of progesterone (greater than 3 ng/mL) have 
been observed for long periods of time in nonpregnant cap- 
tive walrus. However, no serial sampling has been done to 
define the duration of this pseudopregnancy. For three spe- 
cies of pinnipeds, relaxin appears to be pregnancy-specific; 
therefore, it has the potential to help define an endocrine- 
based difference between pregnancy and pseudopregnancy 
(Bergfelt et al. 2010). 


Embryonic Diapause and Reactivation Embryonic dia- 
pause, often referred to as delayed implantation, was rec- 
ognized in pinnipeds as early as 1940 (Harrison 1968). 
Pinnipeds are classified as having an obligate embryonic 
diapause (Renfree and Calaby 1981. When the blastocyst 
resumes cellular divisions, a critical stage is reached during 
embryonic development. The point at which the embryonic 
trophoblast attaches to the endometrium is called implanta- 
tion, also referred to as nidation. Understanding this phenom- 
enon is important when attempting to diagnose pregnancy in 
pinniped species. 

Embryonic diapause in pinnipeds appears to be regulated 
maternally. During early postconception, the embryo divides 
at a normal rate (Compared to mammals without diapause) 
until the blastocyst stage around days 5-8. At this point, 
cellular divisions as determined by a mitotic index decline 


rapidly to a point where the embryo doubles in cell numbers 
every 50-60 days (Daniel 1971). The embryo remains in this 
slow period of growth for 2-5 months (species dependent) 
until it is reactivated by maternal physiology (Atkinson 1997). 
During this slow growth period, the blastocyst remains in 
its zona pellucida and does not hatch until after reactivation 
(Harrison 1968). 

Reactivation of the blastocyst appears to be controlled 
by photoperiod; however, there is debate as to whether it 
is varying sensitivity to different photoperiods (Boyd 1991) 
or extended photoperiod in early spring, as well as a spe- 
cific photoperiod in autumn (Tomita et al. 2011) that acts 
as the cue to control activation of the reproductive system. 
Water temperature and nutritional availability may also be 
important factors regulating pinniped reproductive cycles 
(Atkinson 1997). Research into photoperiodic control of 
reproduction in other mammals has found that an animal 
does not have to be exposed to a continual light/dark cycle; 
rather, it has windows of receptivity when exposure to light 
or dark can define the endocrine response. Thus, exposure to 
a 1 hour “pulse” of light during the receptive period approxi- 
mately 9.5 hours after the onset of darkness can be enough to 
induce early reactivation of reproductive activity in the mare 
(Sharp et al. 1997). In the same manner, it has been pos- 
tulated that pinniped blastocyst reactivation is controlled by 
the date the animal is exposed to a particular length of day, 
generally during a decrease in day length (Temte 1991). This 
time appears to vary slightly with each species, but generally 
occurs around the autumn equinox, when the day length is 
close to 12 hours. Research in harbor seals demonstrated a 
significant decrease in pituitary sensitivity to LH during win- 
ter and spring (Gardiner et al. 1999), and androgens have 
been suggested as playing a substantial regulatory role in 
northern fur seals (Browne et al. 2006). 

During reactivation of the blastocyst, the quantity and 
molecular weight of uterine protein secretions increase. The 
increase in uterine protein secretion corresponds to an eight- 
to ninefold increase in blastocyst mitotic activity, with cell 
numbers doubling every 12 hours (Harrison 1968). A protein, 
possibly related to blastokinin, is believed to be responsible 
for blastocyst reactivation. Concurrent with uterine protein 
secretion, and possibly regulated by photoperiod, progester- 
one and estrogen increase dramatically. The estrogen increase 
has been described as a “surge” and may reflect follicular 
activity on the ovaries prior to reactivation (Temte 1985). 
These follicles quickly become atretic (they break down) after 
implantation, but the estrogen surge may prime the pituitary 
to secrete more LH, causing the luteotrophic effects required 
for CL stimulation and the resulting increase in progester- 
one secretion. The estrogen increase may also be required to 
increase uterine progesterone receptors, thus increasing sen- 
sitivity to progesterone, and ensuring the proper endometrial 
response to progesterone. Progesterone causes the uterus to 
prepare for attachment by the trophoblast. In harbor seals in 
the United Kingdom, implantation occurs in November, and 
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by December, placentation has been established. The exact 
timing varies with latitude. 


Implantation and Active Gestation Although the pre- 
implantation estrogen surge was observed in harbor seals 
by earlier researchers, until the 1990s, it had not been 
observed in other pinniped species. This lack of duplica- 
tive research left many questioning its existence. However, 
increased estrogen in northern fur seals and California 
sea lions was associated with implantation in November 
(Kiyota et al. 1999; Greig et al. 2007). In California sea 
lions, the increased estrogen occurred in both pregnant and 
nonpregnant animals (Greig et al. 2007; Villegas-Amtmann 
et al. 2012). Hutchinson et al. (2016) studying harbor seals 
that were hunted and biosampled through the Alaska Native 
Harbor Seal Commission utilized eight measures of fetal 
growth to determine the timing of implantation. An esti- 
mated date of Sept 30 + 8 days was reported. The poten- 
tial variability in the duration of the embryonic diapause 
was cited as the mechanism by which harbor seal pupping 
(from 1974 to 2009) has occurred earlier in the Wadden Sea 
(Reijnders, Brasseur, and Meesters 2010). 

As fetal development proceeds, fetal gonads hypertrophy 
and are believed to be responsible for secretion of important 
steroids. These estrogens have been reported to increase dur- 
ing the mid- to late-gestational phase of the pregnancy in 
California sea lions (Villegas-Amtmann et al. 2012). In addi- 
tion, placental chronic gonadotrophins (CG) production is 
believed to be essential for CL maintenance. It was hypoth- 
esized that nonpregnant pinnipeds have an obligate pseu- 
dopregnancy interval equal to the period during gestation, 
prior to placental CG production. CLs in pregnant animals 
will have a third surge (the second surge occurs at implan- 
tation) of luteal activity in response to placental CG pro- 
duction, resulting in continued production of progesterone 
until parturition. However, CG concentrations in the placen- 
tae are extremely low when compared to other species that 
rely on CG for luteal maintenance (Hobson and Boyd 1984; 
Hobson and Wide 1986). Nonetheless, throughout gestation, 
it is the CL that produces the progesterone to sustain the 
pregnancy. Research in northern fur seals and California sea 
lions demonstrates similar hormonal profiles in pregnant and 
pseudopregnant animals (Kiyota et al. 1999), while research 
exists on harbor seals for the theory of extra hypophyseal 
support of the CL (Hobson and Boyd 1984; Reijnders 1991; 
Gardiner et al. 1999). These differences demonstrate the lack 
of understanding of mechanisms involved in maintenance of 
pregnancy in pinnipeds, and possible differences between 
phocids and otariids. 

Fetal growth was recently investigated in harbor seals, with 
a linear growth rate of 0.33 cm day" in body mass (Hutchinson, 
Atkinson, and Hoover-Miller 2016). The rates came from har- 
bor seals that reached sexual maturity at a minimum age of 
3 years, standard length of 122 cm, and body mass of 45 kg 
(Hutchinson, Atkinson, and Hoover-Miller 2016). 


Lactation As with most eutherian mammals, prolactin and 
oxytocin appear to be crucial hormones for regulating lacta- 
tion. No single prolactin-releasing hormone has been identified, 
but a number of neuropeptides in the hypothalamus, includ- 
ing vasoactive intestinal polypeptide, thyrotropin-releasing 
hormone (TRH), and prolactin releasing factor (maybe identi- 
cal to TRH), may all function in this capacity (Norman and 
Litwack 1987; Ganong 1991). Prolactin secretion is increased 
by neurogenic stimulation via suckling. Prolactin appears 
essential for mammary gland secretory cell development, and 
increases in otariids 1-2 days prior to parturition, peaking 
0-3 days postpartum (Boyd 1991). However, unlike in mink 
(Mustela vison), in which a preimplantation rise in prolactin 
is believed to be involved with reactivation, prolactin con- 
centrations decreased to undetectable levels toward the end 
of lactation and embryonic diapause (Boyd 1991). In carni- 
vores, prolactin has been identified as playing a role in the 
development of the CL. In otariids, it appears that prolactin 
may play a role in both ovulation and CL formation; however, 
additional studies are needed to determine this. 

Oxytocin (synergistically with prolactin or somatotropin 
and cortisol) is believed to be essential for the maintenance of 
lactation. This hormone is secreted via the neurohypophysis 
in response to suckling stimuli. Once released, oxytocin is 
important for milk letdown. During this process, myoepithe- 
lial cells surrounding the alveoli contract, forcing milk out of 
the glands. In addition, oxytocin causes relaxation of smooth 
muscles surrounding the ducts and teat cisterns, resulting in 
space for milk ejected from the alveoli. Thus, suckling ani- 
mals only have to overcome the teat sphincter resistance to 
effectively nurse (Baldwin and Miller 1991). 

Generally, continued suckling stimulation, and subse- 
quent oxytocin release, is required to maintain milk produc- 
tion. Indeed, phocid females, whose lactations last from 4 to 
60 days, will spend almost the entire time with the pup during 
this period, with short or no intervals for feeding (Atkinson 
1997). However, otariids, whose lactation period typically 
lasts 4-12 months, will often leave the pup for feeding from 
1 to 8 days and up to 1-3 months in the case of subantarctic 
fur seals (Arctocephalus tropicalis; Verrier et al. 2012). Thus, 
continual suckling is not required for maintenance of lacta- 
tion in otariids. During periods of low or no stimuli, milk pro- 
duction slows down or stops; however, under the influence 
of prolactin, mammary glands do not involute. Once suckling 
reoccurs, milk is let down, most likely via oxytocin secretion, 
and milk production increases or is reinitiated (Boyd 1991). 


Male Pinniped Reproduction 


Anatomy The reproductive anatomy of male pinnipeds 
varies with the family. Phocids and odobenids have para- 
abdominal testes that lie below the blubber layer adjacent 
to the abdominal musculature, while otariids have scro- 
tal testes. Some otariids are seasonally scrotal, where their 
testes descend into the scrotum only during the breeding 
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season. Testis size in mammals is generally proportional to 
body mass, and in most cases, body length (Kenagy and 
Trombulak 1986). Testis size is also related to the mating sys- 
tem and/or the length of the breeding season, with relatively 
large testes in species that have high rates of copulatory activ- 
ity and associated high rates of spermatogenesis. In Weddell 
seals (Leptonychotes weddelli), Bartsh et al. 992) proposed 
that territorial males have the highest testosterone concentra- 
tions and are the largest males of that species. 

Animals with scrotal testes are able to lower and raise the 
testes using the cremaster and dartos muscles. This scrotal 
agility protects the sperm from cold shock of the surround- 
ing aquatic environment, as well as physically protects the 
testes when the animal is moving on land. In ascrotal spe- 
cies, protection of the testes and developing spermatocytes 
from hyperthermia is accomplished through a direct vascular 
heat exchange mechanism using arteriovenous anastomoses. 
The anatomy of the arteriovenous anastomoses allows cool 
blood from the skin and flippers to flow directly to the testic- 
ular artery preventing hyperthermic insult to the developing 
sperm (Rommel et al. 1995). 

All pinnipeds, polar bears (Ursus maritimus), and sea 
otters (Enhydra lutris) have bacula, or penis bones. The dis- 
tal end of the baculum is morphologically variable and dif- 
fers substantially between species (Morejohn 1975). Most of 
the phocids are aquatic copulators with relatively large bac- 
ula, which may function either to prevent water damage to 
sperm cells after ejaculation, or to increase sperm competi- 
tion in species where the female mates with more than one 
male (Miller, Pitcher, and Loughlin 1999). Bacula in otariids 
are relatively small, with most otariids being of large body 
size and terrestrial copulators. Bacular fractures have been 
reported in otariids. Most of the growth in bacular length 
is achieved by puberty; however, bacular mass and density 
continue to increase for another decade. 


Sexual Maturity Sexual maturity in male pinnipeds tends 
to occur at 2—7 years of age (Atkinson 1997; Boyd Lockyer, 
and Marsh 1999). Diagnostic measures of puberty are the rela- 
tive weight of the testes, an increase in the circulating con- 
centrations of testosterone, active spermatogenesis, and the 
presence of secondary sexual characteristics. Bacular mass 
and length also increase during puberty. Testosterone con- 
centrations have been measured in many pinnipeds (Noonan, 
Ronald, and Raeside 1991, Atkinson and Gilmartin 1992), and 
in all species, the concentrations increase around the time 
of sexual maturity. Histological evidence of sexual maturity 
can be measured in the diameter of the seminiferous tubules, 
proportion of the tubules to interstitium, and the presence, 
abundance, and maturation of spermatocytes in the tubules. 
Although the age of puberty may occur early in life, many 
pinnipeds are not behaviorally capable of breeding until 
8-10 years of age (Atkinson 1997). 

In sexually dimorphic species, the male secondary sex- 
ual characteristics generally become obvious during and after 


puberty. Examples in pinnipeds include increased body size, 
a developed sagittal crest, elongated proboscis or hood, cal- 
loused chest shield, development of a musky odor, and/or 
more or elongated guard hairs on the neck and shoulders. In 
some species, the secondary sexual characteristics are only 
fully developed in males that are both physiologically and 
behaviorally mature. 


Seasonality Pinnipeds are seasonally fertile, with the 
length of the fertile season greatest in tropical animals and 
shortest in temperate animals (Atkinson and Gilmartin 1992). 
Seasonality is associated with increased size of the testes and 
accessory reproductive glands, increased testicular and cit- 
culating testosterone concentrations, and spermatogenesis 
(Griffiths 1984a,b). Increased size and mass of the testes are 
due to increased diameter of the seminiferous tubules and 
the epididymis. Decreases in testicular tissue and associated 
glands are thought to be due to the shrinkage of the ante- 
rior pituitary cells that produce gonadotropins. This theory 
has been supported by the significant seasonal decrease in 
pituitary release of LH in response to an exogenous GnRH 
challenge (Gardiner et al. 1999). The lack of gonadotrophic 
support via decreased LH and FSH release from the pituitary 
leads to seasonal atrophy of the testes, and testosterone con- 
centrations decline to baseline concentrations (Frick, Bartsch, 
and Weiske 1977; Gardiner et al. 1999). Concentrations of 
testosterone are known to peak in male harbor seals when 
the testes were largest size, which occurs prior to the breed- 
ing season (Serrano 2000). Thus, spermatogenesis and male 
readiness are in place for the breeding season. 

Mature sperm in both the seminiferous tubules and 
epididymis, and elevated testosterone concentrations, are 
apparent preceding the breeding period in several species 
of pinnipeds. Spermatogenesis usually lags behind testoster- 
one production by 1-3 months, as production of testosterone 
by testicular Leydig cells is necessary for germ-cell differen- 
tiation in the seminiferous tubules. During seasonal quies- 
cence, spermatogenesis ceases. In addition, at least in gray 
seals (Halichoerus grypus), the seminiferous tubules undergo 
involution, resulting in a decrease in both testicular dimen- 
sion and mass (Griffiths 1984a). Gonadotrophin treatment in 
a male walrus was successful in inducing sperm production 
out of season (Muraco et al. 2012). 


Measuring and Controlling Reproduction 


Pregnancy Diagnosis Ultrasound diagnosis of pregnancy 
has been used successfully in mid- to late gestation in a 
variety of pinnipeds, but will not easily detect the blasto- 
cyst during embryonic diapause. Elevated progesterone con- 
centrations are a useful indication of pregnancy, although 
values may be elevated during pseudopregnancy, and in non- 
pregnant animals (greater than 3 ng/mL were observed in a 
nonpregnant captive walrus). The practitioner is advised to 
use a combination of high progesterone and either relaxin 
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Figure 10.1 Ultrasound of an approximately 8-month-old Odobenus 
rosmarus fetus. The dotted line represents a biparietal measurement of 
6.1 cm. Fetus is estimated between 90 and 120 days postreactivation. 
(From Robeck, unpubl. data.) 


concentrations or ultrasound to detect pregnancy during early 
pregnancy (Figure 10.1). 


Induction of Parturition or Abortion Induction of par- 
turition should never be considered except in the case of 
a retained dead fetus or for some life-threatening situation. 
Fortunately, in most pinnipeds, lysis of the CL is typically all 
that is required to cause abortion, or in the case of a full term 
fetus, to induce parturition. In one case, it was reported that 
cloprostenol, a synthetic PGF,,, (Estrumate®, Mobay, Shawnee, 
KS), was used on California sea lions with full-term fetuses 
to induce abortion (Gulland 2000). Five animals exposed to 
domoic acid with dead fetuses were given 500 mg clopros- 
tenol intramuscularly (IM) and delivered fetuses 36-40 hours 
later. Recently, labor was induced in a full-term harbor seal, 
which had a history of delivering large stillborn pups. For 
this female, 5 mg PGF,, dinoprost (Lutalyse®, dinoprost tro- 
methamine) was administered IM, twice daily for 3 days, fol- 
lowed by three doses of 100 pg Misoprostol (prostaglandin 
Elanalogue) 12 hours apart. Palpation revealed a dilated cer- 
vix, and an additional two doses of 10 IU oxytocin IM 2 hours 
apart were administered to induce labor. The 29 kg pup was 
born live 30 minutes after the second dose of oxytocin. The 
placenta was passed within 30 minutes of pupping, and nor- 
mal nursing occurred after 24 hours. 


Milk Collection Oxytocin has been used on a variety of 
pinnipeds to enhance collection of milk samples for research 
purposes. Injection of 20 posterior pituitary units (USP) IM 
will facilitate collection of milk by stimulating milk letdown 
from the teat. Unlike many species of mammals, pinnipeds 


do not have a lactational or suckling suppression of estrus. 
In fact, all pinniped species undergo estrus, during or toward 
the end of lactation. 


Concentration and Control of Reproductive Physiology 
and Behavior A common concern in facilities housing 
marine mammals is the control of fertility. For pinnipeds, two 
primary species for which fertility control has become a con- 
cern are the California sea lion and the harbor seal. Both of 
these species can be prolific breeders in managed care set- 
tings. The most common methods of reducing fertility have 
been physical separation, castration of males, and contracep- 
tion for female animals. 


Females Two pharmaceutical forms of contraceptives 
have been reported (Katsumata, Hori, and Tsutsui 2003; 
Larson and Casson 2007; Siebert et al. 2007). In harbor seals, 
spotted seals (Phoca largha), and northern fur seals, pro- 
gestagens such as melengesterol (4.65 g implant) and proli- 
gesterone (10 mg/kg injection dose) have been used. These 
synthetic forms of progesterone act to put the body in the 
mode of post-ovulation (e., the luteal phase of the estrous 
cycle) or pregnancy, which suppresses ovulation and estrus 
(Katsumata, Hori, and Tsutsui 2003, Larson and Casson 2007). 
Contraceptive research has also looked into the use of a por- 
cine zona pellucida vaccine (PCP). PCP vaccine uses sperm- 
binding sites on the porcine zona pellucida as a source of 
antigen. Thus, the vaccine causes an autoimmune antibody 
response directed against recently ovulated ova blocking 
sperm-binding. Without sperm-binding, the degranulation 
reaction cannot occur, and sperm are unable to penetrate 
the zona to fertilize the ova. This vaccine has been effec- 
tively applied to a number of captive and wild hoof stock 
(Kirkpatrick, Turner, and Perkins 1982; Kirkpatrick, Liu, and 
Turner 1990; Kirkpatrick et al. 1996). Its practical applica- 
tion for use in wild pinniped populations was initially hin- 
dered because four booster vaccinations were required for 
effectiveness. However, improvements to the delivery sys- 
tem have resulted in effective contraception after single dose 
administration in wild seals (Brown et al. 1997a,b). While this 
vaccine may have its use in captive pinniped populations, 
a large body of evidence suggests that in some species it 
may not be reversible, and it has been associated with nega- 
tive ovarian and systemic inflammatory side effects in both 
canids and felids (Asa 2000; Mahi-Brown, Yanagimachi, and 
Nelson 1988). 


Males Castration as well as physical separation have 
been used routinely to prevent breeding of captive harbor 
seals and California sea lions. Sexual behaviors are often 
associated with territorial or aggressive behaviors. The need 
to control behavior is obvious in the managed care setting. 
It also is important in the management of declining species 
in which male aggression is inhibiting the recovery of the 
species. Sexual behaviors may be as obvious as approaching, 
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chasing, and/or nudging of females, vocalizations, and ago- 
nistic threats to neighboring males. Many intraspecific acts 
of aggression indicate a form of dominance. In several pin- 
niped species, territorial and/or aggressive behaviors occur 
when testosterone concentrations are increasing, suggesting 
a behavioral role for the elevated hormone concentrations 
(Atkinson and Gilmartin 1992; Theodorou and Atkinson 
1998). Increased testosterone concentrations usually coincide 
with the seasonal approach of the breeding season. In many 
species, the ability of an adult male to maintain rank and 
access to estrus females correlates with age and territorial 
behavior. 

Recently, gonadotropin-releasing hormone (GnRH) ago- 
nists have been applied to male marine mammals in an 
effort to reduce fertility and control aggression (Atkinson, 
Gilmartin, and Lasley 1993; Atkinson et al. 1998; Briggs 
2000). In the male, episodic pulses of GnRH occur at regu- 
lar, species-specific, frequencies (Sisk and Desjardins 1986), 
concurrent with cyclic changes in GnRH secretion frequency 
and amplitude observed in females (Ganong 1991; Mariana 
et al. 1991). The periodicity of the pulse rate of GnRH secre- 
tion is important for normal reproductive function. This is 
evident when comparisons are made between steady infu- 
sions or pulsatile infusions of GnRH. Since GnRH regulates 
its own receptor production at the pituitary, receptor pro- 
duction is high when ligand is low and low when ligand is 
high, and receptor changes can occur rapidly. Constant infu- 
sions of GnRH result in constant downregulation of recep- 
tors (Conn et al. 1987). Thus, when GnRH is administered 
in a constant fashion, there is an initial dramatic increase in 
LH secretion from the pituitary, and subsequent LH secre- 
tion becomes refractory to GnRH as the pituitary receptors 
for GnRH are reduced (Sundaram et al. 1982; Mann, Gould, 
and Collins 1984; Schurmayer et al. 1984; Atkinson, Gilmartin, 
and Lasley 1993). In addition to the initial post-GnRH agonist 
administration surge of LH, a temporally associated. testos- 
terone increase is also observed (Belanger et al. 1980). After 
3-4 days of constant infusion of GnRH agonist, basal lev- 
els of testosterone can double, declining to baseline, or less 
than baseline, as the pituitary becomes desensitized to GnRH 
around day 10 (Chrisp and Goa 1990). Depression of testoster- 
one synthesis leads to nondetectable measures of testosterone 
(Atkinson, Gilmartin, and Lasley 1993; Siebert et al. 2007), 
and suppression beyond day 10 requires continued, steady 
administration of the agonist. 

When administered to male Hawaiian monk seals, GnRH 
agonists (D-Irp-6-LHRH and D-Ala-6-LHRH) have reduced 
circulating testosterone concentrations to castrate levels by 
approximately 2 weeks after injection, with results lasting 
approximately 2 months (Atkinson, Gilmartin, and Lasley 
1993; Atkinson et al. 1998). As predicted, reduction in cit- 
culating testosterone concentrations was preceded by a dra- 
matic elevation in testosterone concentrations; however, LH 
concentrations have never been measured to evaluate exactly 
when the pituitary becomes refractive. Doses of 2.5-11.25 mg 


of the GnRH agonist incorporated into microlatex beads were 
administered to Hawaiian monk seals, with similar results 
after all doses. Harbor seals and northern elephant seals 
(Mirounga angustirostris) exhibited similar responses; how- 
ever, the northern elephant seals required 40 mg to have a 
discernable effect on testosterone concentrations (Atkinson, 
Yochem, and Stewart, unpubl. data). The effects of GnRH 
agonists on fertility have been demonstrated in two facili- 
ties that house harbor seals. After annual treatment of males, 
no offspring occurred (nor was behavioral or social ranking 
observed), but in years where the agonist was not delivered, 
pups were born (Siebert et al. 2007). 


Reproductive Abnormalities Very little information is 
available concerning pathological conditions of reproductive 
events. Typically, pregnancy rates are used as a measure of 
the reproductive health of a population. However, caution is 
needed because pregnancy rates and parturition rates may 
be very different due to reproductive failure. McKenzie et al. 
(2005) measured preimplantation reproductive loss in New 
Zealand fur seals (Arctocephalus forsteri) at 42.3% and mid- 
to late-gestational loss of 70-89.5%. Thus, this is an area of 
study that is prime for future research. 

Reijnders (1986) showed reduced reproductive rates in 
harbor seals fed with fish from polluted waters. In a study of 
organohalogenated contaminants in pregnant harbor seals, 
significant amounts of these compounds were transferred 
from mother seals to their fetuses (Wang et al. 2012). Thus, 
the placenta should not be seen as a complete protective 
barrier for the fetus, and environmental contaminants may 
pose health risks during development of the fetus (Wang et 
al. 2012). Gilmartin et al. (976) demonstrated an association 
between maternal and fetal concentrations of pesticides and 
premature births in California sea lions. High tissue concen- 
trations of polychlorinated biphenyls (PCBs) and reproduc- 
tive tract abnormalities, including uterine stenosis, have been 
described in gray, harbor, and ringed (Phoca hispida) seals 
(see Chapter 15). The mechanisms for these changes are 
unknown, but pregnancy rates of seals in the Gulf of Bothnia 
decreased from a normal of 60-90% to as low as 25% 
likely due to environmental contaminants (Boyd, Lockyer, 
and Marsh 1999). 

Rates of dystocia in captive-bred animals have not been 
determined; however, they appear to be low, since no cases 
have been reported. Stillbirths occur infrequently, with no 
data available on causes or incidence of occurrence. In a wild 
South American sea lion (Otaria flavescens), a rare anembry- 
onic gestation has been reported (Grandi, Crespo, and Dans 
2016), where on postmortem, the ovum had implanted, but 
an embryo never fully developed. 

In a few species of pinnipeds, mobbing behavior is 
observed, in which groups of males attempt a mass mating, 
typically with an adult female or juvenile seal of either sex. 
In Hawaiian monk seals, the behavior is primarily targeted at 
female seals that are periovulatory, and is concurrent with a 
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seasonal rise in testosterone concentrations (Atkinson et al. 
1994). In northern elephant seals, the females are thought to 
submit to the mobbing behavior as they leave the territory of 
the dominant male, returning to the sea. In gray seals, the 
behavior has also been documented with pups being the vic- 
tims. Although these behaviors have yet to be documented in 
managed care settings, this may be because species that have 
demonstrated mobbing behaviors are not commonly main- 
tained in captivity. 


Cetacean Reproduction 


The majority of cetaceans under managed care can be 
divided into two different taxonomic families, Delphinidae 
and Monodontidae. The most commonly displayed 
Delphinidae include the bottlenose dolphin, the killer whale 
(Orcinus orca), the white-sided dolphin lagenorhynchus 
obliquidens and L. acutus), and the false killer whale 
(Pseudorca crassidens). The only Monodontidae displayed 
is the white whale or beluga. 

The diverse reproductive and physiologic patterns among 
Delphinidae alone demonstrate the importance of learning 
basic reproductive physiology for each species. Inefficiency 
and inaccuracy can occur, when using one species as the 
sole model for reproductive patterns in another. As with pin- 
nipeds, the amount of information available for each spe- 
cies varies tremendously and reflects the lack of systematic 
research that has been conducted with most cetacean species. 
However, recent efforts to define the reproductive physiology 
of several species in managed care settings have resulted in 
significant advancements in managing the reproduction and 
genetic diversity of captive cetaceans. 


Female Cetacean Reproduction 


Reproductive Maturity and Senescence 

Bottlenose dolphins The age of sexual maturity of the 
Tursiops truncatus aduncus subspecies of bottlenose dol- 
phins in the wild was estimated at over 10 years for females 
(Ross 1977). Brook 1997) documented first ovulation in two 
captive Tt. aduncus at 6-7 years of age. The youngest bottle- 
nose dolphin in managed care to give birth was 4 years of 
age; however, the majority first gave birth at 7-10 years. In 
free-ranging bottlenose dolphin populations (near Sarasota 
Bay, FL, USA), the youngest female observed to calve was 
6 years old, and the majority of females gave birth at 8 years 
of age (Wells 2013). Decreased reproductive success resulting 
from an increased incidence of embryonic or fetal loss has 
recently been documented for bottlenose dolphins 2 25 years 
in managed care (O’Brien and Robeck 2012; Robeck et al. 
2013). This is in line with a wild bottlenose dolphin popula- 
tion where the median age for complete cessation of calving 
occurred at age 35 (range 25-48 years), and no females > 
48 years ever producing a calf (Wells, pers. comm.) 


White-sided dolphins Sergeant et al. 1980) and Rogan et 
al. 1997) estimated sexual maturity for Atlantic white-sided dol- 
phins Lagenorhynchus acutus) at around 218 cm in length and 
6-8 years of age. A captive Pacific white-sided dolphin (. oblig- 
uidens) conceived and delivered a healthy calf at 3 years of age 
(Dalton, Greger, and Urby 2005). The lack of data from wild 
animals, combined with a small captive population, precludes 
us from determining whether reproductive capabilities of this 
animal were accelerated by an increased plane of nutrition, or 
if normal reproductive potential is as early as 3 years of age. 
The oldest estimated-aged female Pacific white-sided dolphin 
to produce a calf in captivity was 29 years of age. 


Killer whales Mean age of reproductive maturity in cap- 
tive born killer whales is 7.5 years (5.7-8.5 years), and age at 
first conception was 9.8 years (5.9-15.0 years; Robeck et al. 
2015b). These ages are similar for wild North Atlantic resident 
populations where age at first conception was estimated to 
occur at 8-10 years (Christensen 1984), but less than that for 
wild resident populations of the Pacific Northwest where the 
estimated age at first conception is 12.1 years (8-16 years; 
Robeck et al. 2015b). For females in managed care, those 
housed with a proven male, conceived on their first or sec- 
ond estrus; thus, for wild killer whale populations, the age 
at sexual maturity should be tightly coupled with the age at 
first conception. Reproductive senescence, as evidenced by 
reduced calf production with age, has been observed in wild 
and captive killer whales with apparent complete cessation of 
calf production by all animals aged in their mid- to late-40s. 


False killer whales False killer whales were thought to 
attain sexual maturity at 3.7-4.3 m in length and 8-14 years 
of age (Purves and Pilleri 1978). However, a 5-year-old 
captive-born female, weighing 347 kg, and 3.4 m in length, 
conceived and gave birth to a live calf in 2000. Nevertheless, 
the overall scarcity of second-generation calves in managed 
care prevents us from determining if this female represents 
normal reproductive potential for this species, or if she ben- 
efited from an increased growth rate associated with stable 
nutrition available for captive animals, which, in turn, accel- 
erated her reproductive maturation. No wild females greater 
than an estimated 41 years of age (based on tooth growth 
layer groups) were found to be pregnant (Marsh and Kasuya 
1986). It is likely that female fertility is reduced in this species 
well before this age group is attained. 


Beluga Sexual maturity in white whales has been 
estimated at 6-7 years for both free-ranging and captive 
populations (Braham 1984; Robeck et al. 2005a). Although 
hormonal evidence of reproductive senescence in animals 
aged 30 years and above has been reported in captive males 
and females, females up to 34 years of age living in managed 
care have delivered live calves, and complete cessation of 
reproduction in older animals has not yet been documented 
(Montano et al. 2016b). 
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Reproductive Cycle Most Monodontidae or Delphinidae 
exhibit seasonal reproductive activity or show seasonal 
trends, which may reflect adaptations to food sources and/or 
climate. Photoperiod is considered to be the strongest envi- 
ronmental cue regulating reproduction in seasonal breeders. 
For a species to be considered a seasonal breeder regulated 
by photoperiod, it must have repeatable patterns of reproduc- 
tive quiescence that correlate with increasing or decreasing 
changes in light or day length. In addition, physiologic evi- 
dence of changes in pituitary sensitivity to gonadotropic hor- 
mones must exist. Within the species reviewed extensively 
herein, only two pass the criteria for seasonal quiescence, 
the Pacific white-sided dolphin and the beluga (Table 10.2). 


Bottlenose dolphins The bottlenose dolphin can be 
defined loosely as seasonally polyestrous (Kirby and Ridgway 
1984; Robeck et al. 1994a; Steinman, Robeck, and O’Brien 
2016). Most estrous cycles occur from spring through fall, 
but births have occurred in every month of the year. When 
cycling, individual animals can cycle one or more times dur- 
ing the year. If animals are in a breeding colony, the major- 
ity will get pregnant on the first or second estrus. Gestation 
for bottlenose dolphins has been determined to last a mean 
376 days (range for live calves with known conception dates 
is 355 to 395 days; O’Brien and Robeck 2012), and lactation 
can last up to two years or more. Lactational suppression of 
estrus does occur, but there does appear to be a threshold 
level; when daily suckling decreases below a certain time 
period, usually after 1 year, ovarian activity will resume (West 
et al. 2000). Thus, the entire reproductive cycle or calving 
interval may last 3-4 years. Wells (2013) describes a calving 
interval for wild populations that varies with age class and 
ranges from 3 to 6 years. 

Female bottlenose dolphins in their 10s to 20s produce 
calves most frequently, while older females have longer 
calving intervals. As mentioned previously, this age-related 
change in fecundity is also described for managed care pop- 
ulations, with aged females (225 years) displaying a higher 
rate of pregnancy loss compared with their younger counter- 
parts. In wild animals, age-associated fecundity rates may be 
a reflection of social status in younger animals, and reduced 
fertility in older animals. Managers of breeding colonies 
should be aware of bottlenose dolphin reproductive poten- 
tial and should try to maintain colonies that mimic natural 
social grouping (Wells 2013). Social groups contain three 
basic units: () female/nursery groups, consisting of mothers 
with their most recent calves; (2) juveniles in mixed gen- 
der groups, forming temporary relationships; and (3) adult 
males, as individuals or in pairs with strong bonds (Wells 
2013). Social suppression of reproduction has been sug- 
gested in adult males in the managed care setting (Atkinson 
and Yoshioka 2007). 


White-sided dolphins Wild Atlantic white-sided dolphins 
are believed to cycle in August and September and calve in 


June and July, suggesting an 11-month gestation period. The 
gestation length of longitudinally monitored captive Pacific 
white-sided dolphins is an average of 356 days (range 348 to 
367 day). 

Pacific white-sided dolphins in managed care are sea- 
sonally polyestrous with the majority of estrus activity and 
births occurring from July through September in the United 
States. For those captive animals located in Japan or origi- 
nally collected from areas around Japan, seasonality tends to 
be shifted earlier in the year, with breeding typically occur- 
ring from May to August. Although females from either Japan 
or the United States display the ability to cycle over a lon- 
ger timeframe (i.e., May to September), the period of repro- 
ductive activity is more discrete for males, whereby semen 
production lasts from 2 to 4 months (Robeck et al. 2009). 
Notwithstanding a possible influence of photoperiod, season- 
ality in the white-sided dolphin may be predominantly driven 
by natural selection pressures of founder stocks, as has been 
postulated for wild bottlenose dolphins (Urian et al. 1996). 


Killer whales Killer whales are polyestrous. Estrus and 
conception occur throughout the year, with a slight, nonsig- 
nificant, seasonal increase in activity during the spring from 
March through August (Matsue et al. 1971; Robeck et al. 1993). 
Nonlactational periods of anestrus have ranged from 3 to 
24 months in mature healthy females (Duffield et al. 1995; 
Robeck 1996). Duffield et al. (1995) used biweekly proges- 
terone data to describe a calving interval in captive killer 
whales of 32-58 months. The median calving interval for 
one captive population of killer whales is 3.43 years (mean = 
4.1 years), while for wild resident populations of the eastern 
North Pacific it is 4 to 4.8 years (mean = 5.0 years, Matkin 
et al. 2013; Robeck et al. 2015b). The reduced calving inter- 
val of captive whales compared to wild whales is probably 
explained, to some extent, by nutritional and environmental 
differences (Matkin and Leatherwood 1986). Increased avail- 
ability of food for calves in captivity may decrease the length 
of time that calves are dependent on nursing, subsequently 
decreasing the length of time the dam experiences lactational 
suppression of estrus (see below). In addition, a decrease in 
reproductive productivity in response to adverse or seasonal 
nutritional and environmental conditions is well documented 
in other species (Bronson 1988). And finally, a third possible 
explanation for calving interval differences is related to the 
dearth of observations made during the peripartum period 
in wild killer whales, and the ensuing lack of information on 
neonatal calf mortality. 


False killer whales The false killer whale is polyestrous 
with no strong evidence for seasonality (Robeck et al. 1994b; 
Atkinson et al. 1999). Information on free-ranging animals 
suggests that they can become pregnant anytime of the year 
and have an estimated gestation period of 12-15 months 
(Comrie and Adams 1938; Purves and Pilleri 1978). Robeck 
et al. (994b) described a gestation period of 14 months 
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in a captive animal that produced a healthy calf. If gesta- 
tion lasts for 14 months and lactation continues for a further 
6-12 months (with lactational anestrus), we could estimate a 
calving interval of 2.5-3.5 years. 


Beluga The beluga is seasonally polyestrous, and 
breeding occurs in the wild in April and May (Brodie 197D, 
while captive animals have conceived from February to July 
(Robeck et al. 2005a). This difference may be the result of 
latitudinal differences and associated photoperiod effects on 
breeding activity, although there is no evidence to confirm 
this. Calving in free-living beluga has been observed from 
April to May in Greenland (Heide-Jorgensen and Teilmann 
1994), July to August in Hudson Bay (Sergeant 1973), and May 
to September in captive animals. The gestation length based 
on known conception dates in captive animals was a mean 
of 473 days (range 444 to 507 days; Robeck et al. 2015a). 
Animals have been observed to nurse for 2 years, and at 
least one animal with a suckling calf has conceived during 
the spring season after a previous summer birth. Thus, the 
species apparently possesses varying degrees of lactational 
anestrus. Therefore, while the calving interval can be as low 
as ~2 years, it is typically 3 years or greater. 


Estrous Cycle and Ovarian Physiology 

Bottlenose dolphins The majority of historical informa- 
tion on gonadal activity in cetaceans is derived from post- 
mortem analysis of stranded animals and of those that died 
incidental to, or directly from, fishery operations. In an early 
study on captive bottlenose dolphins, Harrison and Ridgway 
(1971) reported on the gonadal activity of 22 juvenile and 
adult females following postmortem analysis. In these ani- 
mals, most of the follicles were tiny (2 mm or less in diam- 
eter with no follicles greater than 5 mm), although there was 
an accessory corpus luteum (CL), formed from a luteinized 
follicle of 10 mm in diameter. Longitudinal ultrasonography 
combined with serum hormone analysis was first used to 
describe bottlenose dolphin follicular activity during natural 
or induced cycles (Robeck 1996; Brook 1997, 2001; Robeck et 
al. 1998). With regard to ultrasonography, Brook (1997) fol- 
lowed follicular activity in Indo-Pacific bottlenose dolphins 
and provided the first real-time description of folliculogenesis 
in naturally cycling cetaceans. Multiple 2-3 mm diameter fol- 
licles were often observed on the ovary, regardless of ovarian 
activity. Once a follicle was larger than 3 mm, it could be 
classified as developing. In 32% of observed cycles (7 = 37), 
more than one follicle developed beyond 4 mm in diameter. 
The dominant or primary follicle appeared 1-2 days prior 
to ovulation, when it was distinguished from other follicles 
by its size. Only one follicle was seen to ovulate, subordi- 
nate follicles regressing either before or just after ovulation. 
Ovulation occurred at a mean of 8 days after the dominant 
follicle reached 10 mm in diameter. Preovulatory follicles 
ranged in size from 18 to 28 mm, with a mean of 20.9 mm 
(Figure 10.2). 


Further work with Atlantic bottlenose dolphins, which 
included daily urine hormone analysis, combined with ultra- 
sound evaluation of ovarian activity, indicated that the domi- 
nant follicle can be retrospectively detected almost 10 days 
prior to ovulation, grows at a rate of 1.3 mm/day, and ovu- 
lates at a mean of 18.4 mm (Montano et al. 2016a). Urinary 
estrogens (estrone and its conjugates; uE1/E1-C) were elevated 
above baseline for an average of 8 days (follicular phase) 
prior to ovulation, and progesterone was first detected above 
baseline at 2 days post-ovulation, and remained elevated for 
19 days (luteal phase; Robeck et al. 2005b, 2013). In addition, 
peak concentration of urinary estrone and its conjugates (UE1/ 
E1-C) occurs at an average of 8 hours prior to peak LH with 
ovulation occurring at 24 hours after peak LH (Figure 10.3). 

For the Indo-Pacific bottlenose dolphin, Brook 1997) fol- 
lowed CL development post-ovulation and determined that 
the maximum diameter of CLs not associated with pregnancy 
or pseudopregnancy ranged from 21 to 36 mm and observed 
that larger females had the largest CLs. No studies have been 
done to determine if the size of the mature CL is related to 
circulating progesterone concentration. However, changes in 
CL echogenicity and size (e.g., regression) appear to be useful 
for predicting the end of the luteal phase or premature regres- 
sion of the CL during pregnancy (Robeck et al. 2012a). 

Estrous cycle length in Indo-Pacific bottlenose dolphins 
is about 30 days. For the common bottlenose dolphin, cycle 
lengths of 21-42 days have been estimated from serum hor- 
mone concentrations (Sawyer-Steffan and Kirby 1980; Kirby 
and Ridgway 1984; Schroeder 1990b). However, recent data 
indicate that if multiple cycles occur, a normal length is ~30 
to 35 days. Periods of anestrus, not associated with gestation 
or lactation, occur in bottlenose dolphins (Brook 1997). At 
these times, ovulation does not occur, and the ovaries appear 
to “shut down.” Periods of anestrus of up to 27 months have 
been documented in 7! t. aduncus, but the neither the etiol- 
ogy nor frequency of this phenomenon is not understood. 


White-sided dolphins Based on ultrasonography com- 
bined with urinary and serum hormone analysis, Pacific 
white-sided dolphins have a 29 to 31 day estrous cycle, with 
a 10 and 20 day follicular and luteal phase, respectively. Peak 
estrogen concentrations are followed 16 hours later by peak 
LH concentrations, with ovulation occurring 19 hours after 
peak LH. The dominant follicle could be identified once 
it reached 0.8 cm in diameter; with a daily growth rate of 
0.12 cm/day, it would ovulate 6 days later at an average diam- 
eter of 15 cm (range 1.24 to 1.83 cm; Figures 10.2 and 10.3; 
Robeck et al. 2009). 


Killer whales The only cetacean species in which 
detailed information on both gonadotropic hormones has 
been collected is the killer whale. Walker et al. 988) used 
urinary progesterone and estrogen metabolites, and bioac- 
tive FSH, to describe endocrine changes that occurred during 
two estrous cycles. Based on their results, they predicted a 
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Figure 10.2 Preovulatory follicles (POFs) and 
inactive ovaries from four species of cetaceans: 
Lagenorhynchus obliquidens (Lo, a and b); 
Tursiops truncatus (Tt, c and d); Delphinapterus 
leucas (DI, e and f); and Orcinus orca (Oo, g and 
h). Ovaries are marked by white arrowheads and 
POFs are indicated by yellow arrows. Images of 
each POF were taken within 12 hours prior to ovu- 
lation for all species and had maximum diameters 
of 1.4 cm (Lo, b); 2.0 cm (Tt, d); 2.4 cm (Foll a) & 
2.5 cm (Foll b) (DI, f); and 3.2 cm (Oo, h). Both 
POFs illustrated in (f) ovulated, and twins were 
produced (Osborn et al. 2012). The hypoechoic 
ovarian cortex can be observed in panels (c), (e), 
and (g), while the inactive ovary of Lo (a, white 
arrow) demonstrates the parallel hyperechoic pat- 
tern produced by the longitudinal image through 
the ovarian pedicle. 


wave of follicular activity that begins before peak estrogen 
levels, but the temporal relationship between peak plasma 
estrogen and ovulation could not be determined. Urinary 
LH levels could be quantitatively detected in killer whales, 
although twice-daily urine samples were necessary to consis- 
tently describe the LH peak or surge (Robeck 1996; Robeck 
et al. 2004), which occurred one-half day after peak estro- 
gens (Robeck et al. 2004). Increases in urinary concentrations 
of pregnanediol-3-glucuronide (a progesterone metabolite) 
above baseline could be detected by 5.5 days post-ovulation. 
Serum progestagens were significantly elevated by day 14 
post-ovulation, and differences in concentrations between 
conceptive and nonconceptive cycles could be detected by 
week 4 post-ovulation, leading to speculation that maternal 
recognition of pregnancy occurred between day 21 and 28 
post-ovulation (Robeck, Steinman, and O’Brien 2016). 


1.41 cm 


The mean estrous cycle length based on the beginning of 
luteal phases was 41 days (range = 36-68 days), the follicu- 
lar phase lasted around 18 days, and the luteal phase lasted 
around 20 days (Robeck et al. 2004). Anestrus periods of up 
to 5 years, which were not associated with gestation or lacta- 
tion, have been observed in killer whales. 

Copulatory activity of killer whales has been compared 
to qualitative estimates of vaginal mucus secretion and endo- 
crine data (Robeck 1996). Although mild mucus secretion 
occurred during various phases of the estrous cycle, events 
of heavy vaginal secretion were often associated with estrus 
or receptivity, and all events occurred during periods of 
detectable uE1/E1-C. These findings combined with ultra- 
sound monitoring of preovulatory follicle growth in the killer 
whale reflects the well-established role in other vertebrates 
of ovarian estrogens in stimulating sexual activity (probably 
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Estrone/estrone conjugates (ng/mg cr) 


Figure 10.3 Urinary estrone conjugates, 
luteinizing hormone, and follicular growth in 
four species of cetaceans, Lagenorhynchus 
obliquidens (Lo), Tursiops truncatus (Tt), 
Delphinapterus leucas (Dl), and Orcinus 
orca (Oo). Hormone concentrations and 
follicular growth rates are from previously 
published work (Robeck et al. 2004, 2005b, 
2009, 2010; Steinman et al. 2012; Montano 
et al. 2016a, 2016b). Species comparisons 
with respect to hormone concentration can 
be made because the same assay (EIA) 
system was used for all analyses. 
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by changing female receptivity) and producing secretory 
changes (i.e., vaginal and cervical mucus secretions) required 
for conception. 

Observations of killer whale ovaries suggest a different 
pattern of folliculogenesis from that in the bottlenose dolphin. 
Follicles destined to ovulate appear to develop over a pro- 
tracted period initiating in the luteal phase of the preceding 
cycle (Figure 10.3). Secondary follicles observed at the time 
of ovulation are common, with the maximum observed diam- 
eter at the time of ovulation being 3.0 cm. Ovulation of the 
dominant follicle can occur at any time after the follicle’s maxi- 
mum diameter reaches 3.0 cm, but the typical size at ovulation 
is 3.6 cm (Figure 10.2). Due to their large size and com- 
pression from surrounding viscera, follicles are often oblong 
in shape, and therefore accurate assessment of growth rates 
can only be made with circumferential measurements. Mean 
circumference growth rates of 0.98 cm/day of the dominant 


follicle have been recorded (Robeck et al. 2004), Ovulation 
occurs approximately 40 hours after the start of the LH surge. 


False killer whales Prolonged periods of ovarian luteal 
activity or pseudopregnancy may occur with regularity in false 
killer whales. Serum progesterone and hydrolyzed conjugated 
progesterone in daily urine samples from two female false 
killer whales indicated prolonged luteal or pseudopregnant 
periods of elevated progestin for 378, 202, 36, and 24 days 
(Robeck et al. 1994b). Atkinson et al. 1999) measured weekly 
serum progesterone concentrations and observed a_ pro- 
longed period of ovarian activity from March to December, 
but acknowledged that cyclic activity may have been missed, 
and recommended biweekly sampling in order to catch the 
estrus-associated progesterone nadir. Periods of anestrus not 
associated with gestation or lactation of 3-10 months have 
been observed in false killer whales (Atkinson et al. 1999). 
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Beluga Characterization of urinary and serum repro- 
ductive endocrine changes combined with ultrasonography 
has allowed documentation of beluga estrous cycle charac- 
teristics. Ovulation was shown to be induced by copulation, 
but owing to the occurrence of spontaneous ovulation (27% 
of cycles in female only groups), the species can therefore be 
classified as a facultatively induced ovulator (Steinman et al. 
2012). For females housed in the presence of a male, the fol- 
licular phase, as described by urinary estrogens above base- 
line, was 22 days, while the luteal phase length was 31 days 
based on elevation of urinary progestagens. Total estrous 
cycle length (as determined by the interval between succes- 
sive ovulatory LH peaks) was 33.5 days, implying that con- 
siderable overlap of the follicular and luteal phase occurred 
using urinary hormone monitoring methods in that study. 
Similarly, cyclic changes in basal body temperatures, com- 
bined with serum progesterone, have been used to describe 
a 37-day estrous cycle for beluga (Katasumata et al. 2006). 
Serum progesterone data from females given GnRH to induce 
ovulation indicate that the luteal phase is around 24 days 
(Robeck et al. 2010). For nonovulatory females housed with- 
out males, a follicular phase of comparable length to ovula- 
tory cycles occurred, with uE1/E1-C concentrations peaking 
after 24 days (Steinman et al. 2012). However, instead of an 
ovulation-associated abrupt decrease in estrogens, uE1/E1-C 
concentrations remained elevated above baseline for up to 
21 days. 

Maximum preovulatory size of the dominant follicle 
was 2.5 cm, whereas diameters of 3.5 cm were observed for 
females that were not with males, and therefore did not ovu- 
late Figure 10.2). In line with uE1/E1-C data, these “retained” 
non-ovulatory follicles were observed to slowly regress over 
42 days after peak uE1/E1-C concentration (Figure 10.3). 


Suckling or Lactational Suppression of Estrus Evidence 
for lactational, or suckling, suppression of estrus activity has 
been documented in several cetaceans, but the length of sup- 
pression is variable between and within species. In killer 
whales, Robeck (1996) noted significant differences between 
postpartum return to estrus in lactating (mean 481.4 days; 
range 159-983 days) and nonlactating (mean 65.8 days; range 
31-122 days) females. During a 10-year period of observations 
on one group of bottlenose dolphins, ovulation during lacta- 
tion was never observed (Brook, unpubl. data). 

Lactation alone does not suppress estrus. This was dem- 
onstrated by West et al. (2000), when they collected milk 
samples from lactating dolphins with or without suckling 
calves for up to 402 days postpartum. Although these dol- 
phins were lactating, cycling began after the calf had been 
weaned, or if the calf was stillborn, within a relatively short 
period of time. 

When an animal is lactating, total suckling time can drop 
below the minimum threshold duration of stimuli required 
to suppress estrus, and the animal will return to estrus. This 
usually occurs in females with older calves, who obtain most 


of their nutrition from fish, but will occasionally still nurse 
when presented with the opportunity. This threshold effect 
may be related to either decreased sucking stimuli, or to a 
built-in time clock that reduces the hypothalamic inhibitory 
effects of suckling stimuli after a certain period postpartum, 
or a combination of the two. In general, lactational alteration 
of reproductive function is believed to be caused by suckling 
stimuli, which suppresses gonadotropin (particularly lutein- 
izing hormone) secretion, preventing normal follicular matu- 
ration and ovulation (McNeilly 1988). In dolphins and killer 
whales, therefore, it appears that suckling @which also helps 
to maintain lactation) plays an important role in regulating 
the calving interval. 


Corpora Albicantia and Asymmetry of Ovulation — Histol- 
ogic changes in ovarian structures in the bottlenose dol- 
phin and other delphinids have been described in detail 
(Harrison 1969; Benirschke, Johnson and Benirschke 1980; 
Perrin and Reilly 1984). Corpora albicantia (CA) are believed 
to be retained indefinitely in short-finned pilot whales 
(Globicephala macrorhynchus). CA are only retained when 
they have originated from the CL of pregnancy, as observed 
in other species, such as bottlenose dolphins and Stenella sp. 
(Harrison 1969; Perrin and Reilly 1984; Marsh and Kasuya 
1986). For the bottlenose dolphin, this has been confirmed 
by analysis of ovaries from an Indo-Pacific bottlenose dol- 
phin whose entire reproductive history, including ovulations 
and pregnancies, was documented by ultrasound (Brook, 
Kinoshita, and Benirschke 2002). 

Based on histological identification of CA, ovulation and 
pregnancy in the bottlenose dolphin occurred in the left ovary 
and left uterine horn more than 68% of the time (Ohsumi 
1964, Harrison and Ridgway 1971). Using ultrasonography, 
asymmetry of ovulation toward left-sided ovulation has been 
documented in Indo-Pacific bottlenose dolphins (Brook 
1997), common bottlenose dolphins (Robeck et al. 2005b), 
Pacific white-sided dolphin (Robeck et al. 2009), and beluga 
(Steinman et al. 2012). In contrast, for the killer whale, no 
evidence of asymmetry was detected, yet within individual 
females, ovulations most often occurred on the same (R or L) 
side (Robeck et al. 2004). Asymmetry has been documented 
in other cetaceans, yet the physiological mechanisms for this 
are unknown (Ohsumi 1964; Perrin and Reilly 1984, Bryden 
and Harrison 1986). 


Pseudopregnancy Pseudopregnancy, whereby a_ func- 
tional CL is retained in the absence of a conceptus, occurs 
in bottlenose dolphins, killer whales, false killer whales, and 
Pacific white-sided dolphins with or without access to males 
(Robeck et al. 1993, 1994b, 2009; O’Brien et al. 2012). The 
cause of pseudopregnancy in delphinids is unknown and 
may be multifactorial. In terrestrial species (without obligate 
embryonic diapause), the most common cause is early embry- 
onic loss after the embryo has released pregnancy-specific 
proteins that are involved with maternal recognition of 
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pregnancy. Thus, the uterus “believes” it is pregnant, release 
of prostaglandin is inhibited, and a functional/secretory CL is 
retained. For pseudopregnancy to continue for any significant 
duration, however, there must be a source of gonadotropins 
to maintain the CL. It appears that at least early pituitary LH 
is responsible for CL growth and development. If fetal death 
occurs after placental formation, it may be a local source 
(Hobson and Wide 1986). 

Retained CL secondary to early fetal loss in bottlenose 
dolphins has been documented. Progesterone production 
and an ultrasonographically monitored CL were maintained 
on average for 67 days after pregnancy loss was detected 
(Robeck et al. 2013). Since early pregnancy loss is docu- 
mented more often in aged females, one is tempted to 
speculate that age-related changes in uterine morphology 
and oocyte health contribute toward its occurrence. The 
increased occurrence of early pregnancy loss followed by a 
retained CL in older bottlenose dolphin females also hints 
at an inadequate release of prostaglandin F,, by the aged 
uterine endometrium. Such a scenario may also be present 
in the short-finned pilot whale, as the proportion of females 
with CL but no conceptus increases after age 20 (Kasuya and 
Marsh 1984). 

Pseudopregnancy in bottlenose dolphins can and 
does occur with some frequency in females without access 
to males. If pseudopregnancy tended to occur in females 
without access to males, then it would be convenient to 
blame the unnatural social groups found in some man- 
aged care environments as the cause for these conditions. 
However, females who experience pseudopregnancy often 
do so multiple times with and without access to males. Since 
the frequency of occurrence of pseudopregnancy, at least 
anecdotally, appears to be increased in the same animal, 
endoscopic examinations are necessary to rule out uterine 
pathology as a potential cause. Although retained CL have 
been documented after confirmed ovulation using trans- 
abdominal ultrasound, it cannot be excluded that there is 
potential for luteal cysts (anovulatory follicles) to contribute 
to this reproductive state, as has been observed in wild dol- 
phins (Cowan 2000). 

In killer whales, pseudopregnancy may occur in animals 
that have cycled multiple times (greater than four cycles) 
without becoming pregnant. There does not appear to be 
a strict relationship between the occurrence of pseudopreg- 
nancy and age, but once an animal has experienced pseudo- 
pregnancy, it appears more likely to experience it a second 
time. Although killer whales will cycle multiple times during 
a season, this prolonged polyestrous activity only occurs in 
the absence of a fertile male, and as such would probably 
not occur very often in healthy wild populations. The rate of 
pseudopregnancy among free-ranging animals is not known. 

Management of pseudopregnancy via prostaglandin F,, 
administration has been used multiple times as an option for 
returning females to the breeding pool and maximizing their 
reproductive potential (O’Brien and Robeck 2012). A typical 


treatment regime for a bottlenose dolphin with a retained CL 
would be 10 mg Lutalyse® IM twice daily for 3 days. Serum 
progesterone should be at baseline (depends on the assay 
used, but typically 0.5 ng/ml or less) in 5 to 7 days. 


Pregnancy 


Bottlenose dolphins The use of ultrasound to monitor 
pregnancy in captive cetaceans provides valuable data on fetal 
morphology, development, and well-being, and on maternal 
gestation length in bottlenose dolphins (see Chapter 24; 
Williamson, Gales, and Lister 1990; Brook 1994; Stone et al. 
1999; Sweeney et al. 2000; Lacave et al. 2004). 

By monitoring females with known conception dates, the 
detection of a common bottlenose dolphin fetus was shown to 
be most reliably determined after day 50 of gestation, and the 
gestation period is 376 + 11 days (range: 355 to 395; O’Brien 
and Robeck 2012). This is slightly longer than that defined for 
the Indo-Pacific bottlenose dolphin at 370 + 11 days (Brook 
1997). Much progress has been made on defining the hor- 
monal changes during normal and abnormal pregnancies of 
bottlenose dolphins (Figure 10.4; O’Brien and Robeck 2012; 
West et al. 2014; Bergfelt et al. 2015; Steinman, Robeck, and 
O’Brien 2016). For normal pregnancies, circulating proges- 
terone concentrations increase significantly (as compared to 
non-pregnant animals) by week 3 postconception, peaking 
during week 7, and then remaining elevated until term. 

Concentrations of estrone and its conjugates (uE1/ 
E1-C) are elevated initially, decrease in midgestation, and 
then peak during the penultimate month of pregnancy. 
Androgens increase steadily throughout gestation, peaking 
during the ninth month, and slowly decreasing until partu- 
rition. Circulating cortisol concentrations increase slowly, 
with a significant peak during the final month of pregnancy. 
Thyroid hormone concentrations display a trend for higher 
concentrations during early pregnancy (first four months), 
but only free triiodothyronine (T;) and total thyroxine (T,) 
concentrations are significantly increased compared to 
late pregnancy (last 4 months). Finally, relaxin concentra- 
tions rise slowly throughout gestation, are significantly ele- 
vated after months 4 to 5, and with exponential increases 
detected during the final month. Maternal hormone profiles 
are unaffected by the sex of the fetus, but estrogen produc- 
tion is influenced by parity—nulliparous females display 
higher concentrations of estrogen during the first half of 
pregnancy. 

For animals with pregnancies that do not proceed to term, 
progesterone insufficiency may be the most sensitive indicator 
of an abnormality. However, decreased T,; and T, concentra- 
tions, as well as reduced relaxin, have all been implicated as 
potential sentinels of fetal compromise or demise (Bergfelt et 
al. 2011, 2015; Robeck et al. 2013; West et al. 2014). Continued 
efforts at developing endocrine tests, most likely in combina- 
tion with fetal monitoring guidelines, may eventually help 
clinicians identify at-risk pregnancies and neonates. 
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Figure 10.4 Diagram of the changes that occur within the major reproductive hormones during pregnancy in the bottlenose dolphin (Tursiops 
truncatus). Hormone concentrations are smoothed curves of marginal mean concentrations from data of previously published research (O’Brien and 
Robeck 2012; Bergfelt et al. 2015; Steinman, Robeck, and O’Brien 2016) and are for illustration purposes only. 


Killer whales The duration of killer whale gestation 
based on an extensive dataset (33 normal term pregnancies) 
is 532 + 3 days (range: 473 to 567 days; Robeck et al. 2015b). 
All or parts of this dataset have also been used to character- 
ize hematologic and biochemical analytes (see Appendices 
1, 2, and 3), as well as profiles of progestagens, estrogens, 
androgens, and glucocorticoids during the prolonged gesta- 
tion experienced by this species (Robeck et al. 2016, 2017). 
Progestagens are secreted in a bimodal pattern, with sig- 
nificant peaks occurring during the second to fourth month 
postconception, again during the ninth and tenth months, 
before dropping rapidly during the final 10 days of preg- 
nancy. High-performance liquid chromatography (HPLC) 
analysis of maternal and placental (umbilical cord) serum 
indicates that the two major biologically active progestagens 
are progesterone (P4) and 5a-pregnane-3,20-dione (Sa-DHP). 
Evidence suggests that P4 is primarily luteal in source, and 
that 5a-DHP is derived from the placenta, with placental pro- 
gestagens increasing significantly from the sixth and seventh 
gestational month. Estrone and E2 circulating concentrations 
both increase slowly during pregnancy, peaking in the final 
month of pregnancy. Similarly, concentrations of cortisol and 
corticosterone increase slowly toward parturition with a rapid 
increase within the 9 days prior to birth. Finally, significant 


increases in androgen concentrations can be detected by 
month 4 postconception, with peaks occurring from months 
10 to 14 depending on androgen type, and nonsignificant 
declines thereafter, until parturition, when concentrations fall 
rapidly. No differences in maternal androgen concentrations 
could be detected between dams carrying a male or a female 
fetus, but when the time variable of days postconception was 
utilized, higher maternal concentrations of serum E1/E1-C 
were observed when the fetus was male. 


Beluga Gestation length derived from animals with 
known conception dates is 467 + 5 days (range: 444 to 507 
days). Gestation is longer for male than female calves (478 
and 457 days, respectively; Robeck et al. 2015a). Pregnancy 
appears to be maintained by the corpus luteum of pregnancy; 
however, little is known about the physiology of pregnancy 
in this species. Calle et al. (1996) pooled mean monthly 
gestational plasma hormone levels for captive animals, and 
reported progesterone concentrations that ranged from 0.97 + 
1.14 to 42.86 + 12.0 ng/mL and estradiol ranged from 13.93 + 
11.62 to 30.62 + 12.43 pg/mL. 


Pregnancy Diagnosis Pseudopregnancy, as character- 
ized by progesterone concentrations that mimic pregnancy, 
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occurs with such regularity in dolphins, killer whales, and 
false killer whales, that an animal cannot be confirmed 
pregnant without the use of ultrasonography (Figure 10.5). 
Despite the regular occurrence of pseudopregnancy, it is still 
a relatively newly described phenomenon that undoubtedly 
has always occurred, and relying solely on increased pro- 
gesterone concentrations may have led to an overestimation 
of rates of pregnancy loss. Because of the relatively recent 
recognition of pseudopregnancy, and the slow integration of 
ultrasound into clinical practice, data are insufficient to accu- 
rately determine the frequency of this condition. However, 
as mentioned in previous sections, an increased incidence of 
apparent early pregnancy loss in older bottlenose dolphins 


(> 25 years) indicates that age-related factors should be con- 
sidered in the possible etiologies of pseudopregnancy. In the 
bottlenose dolphin, a combination of hormone tests shows 
promise for pregnancy diagnosis in the absence of ultrasound 
monitoring after month 4 of gestation (e.g., serum progester- 
one and testosterone analysis; relaxin and progesterone or 
testosterone; see previous sections), but further longitudinal 
analysis of these hormone panels is needed to determine if 
such tests allow pseudopregnant cycles to be distinguished 
from normal pregnancy. 


Parturition The mechanism of control of parturition in ceta- 
ceans is unknown. However, the action of six major hormones 
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Figure 10.5 Decision tree for determining the reproductive status of a bottlenose dolphin (Tursiops truncatus). A similar process can be used for 
other species of the family Delphinidae by adjusting the time periods to reflect the relative differences in the luteal phase length. For example, a killer 
whale has up to a 28-day luteal phase; therefore, a high progesterone level (> 5 ng/ml) on day 28 postconception indicates possible pregnancy and 


requires ultrasound evaluation for confirmation. 
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(and probably others) appears to be intertwined during the 
induction of parturition. These hormones include estrogens, 
progestagens, adrenal steroids, oxytocin, relaxin, and pros- 
taglandins. For bottlenose dolphins and killer whales, it is 
clear that as maternal concentrations of estrogens are increas- 
ing, a rapid decrease in progesterone, along with a concur- 
rent increase in glucocorticoids (probably of maternal origin), 
occurs close to parturition (Robeck, Steinman, and O’Brien 
2016, 2017; Steinman, Robeck, and O’Brien 2016). Relaxin, 
best known for its effects on the cervix, increases exponen- 
tially towards parturition and may surge as progesterone 
drops (Bergfelt et al. 2015). Any change or variation in the 
production of these hormones may affect the outcome of the 
parturient process. 


Stages of Parturition Early stages of parturition gen- 
erally have similar behavioral components. Table 10.3 
was designed as a quick reference to some important peri- 
parturient events and presents the most common behav- 
ioral signs. The length of many of these events can vary 
considerably, such as first nursing, so it is important to 
remember these guidelines cannot replace careful clinical 


observation. For example, regarding the interval to first 
nursing as outlined in Table 10.3, it may be comforting to 
know that a killer whale calf has lived, even after taking 
40 hours before nursing. However, the level of comfort of 
the clinician attending a parturient cetacean is absolutely 
dependent upon the behavior, condition, and activity of 
the cow and calf. 

In addition to the variables listed in Table 10.3, a ~1°C 
decrease in maternal body temperature has been noted to 
“often” occur 24 hours prior to parturition in bottlenose dol- 
phins, killer whales, and beluga (Terasawa, Yokoyama, and 
Kitamura 1999; Katsumata et al. 2006; Katsumata 2010). To 
be an effective diagnostic, it is recommended that at least 
30 days of daily temperatures should be collected prior to the 
estimated time of parturition. In addition, the flexible ther- 
mocouple probe should be advanced to the same depth (ie., 
30 cm for bottlenose dolphin, 50 cm for killer whale) for each 
exam. 

Recognition of the onset of parturition is an important 
management tool. Most reproductive-related problems (dysto- 
cia, stillbirth, weak calf, poor maternal care) that occur can be 
observed within the first few hours of the onset of parturition. 


Table 10.3 Periparturient Parameters of Cetaceans (Values Presented as Mean (Range) Time) 


False Killer 
White-Sided Dolphin Whale Beluga 
Bottlenose Dolphin Killer Whale Lagenorhynchus Pseudorca Delphinapterus. 
Characteristic Tursiops truncatusi Orcinus orca obliquidensi crassidensii leucas” 
Stage 1 labor signs MD, VD, DA, CT, See Tt. See Tt. Arching Arching, VD, 
(within 24 hours of stage 2) DBT“ DA, DBT’ 
Stage 2 labor signs Fetal Flukes Visible, See Tt. See Tt. Visible flukes Visible flukes 
vaginal discharge 
Length of Stage 2 94.3 (45-240) 60-240 minutes 83 minutes (20 to 165 minutes 264 (24-744) 
(for animals with live minutes 228 minutes, n = 7) (n = 1) minutes 
calves) 
Length of Stage 2 188.8 (20-600) > 5 hours 172 minutes (93 to Unknown > 2 days” 
(for animals with stillborn minutes 310 minutes, n =3) 
calves) 
Presentation F (98.1%) F (97%) F (100%, n = 13) F (n=1) F (9.5% HF) 
Birth to stage 3 (hours) <12 8 to 12 9 hours (6.5 to 19.5 5.75 7.7 hours (4.6 to 
hours) 11.8, n = 18) 
Birth to nursing (normal) Often after stage 3, Usually after 5.5 hours (<14 hours) 7 hours <22 hours 
<12 hours stage 3, 
<24 hours 

Lactation (months) 26.6 (18 to 36) 15 to 24 8 to 12 18 24 to 36 
Birth to first fish (months) 5.75 (2.5 to 27) 3 to 6 2to3 Unknown 10 (6 to 23) 
Cl, viable calf 3.55 years 4 years 3 years Unknown 3 years 


Abbreviations: Cl, calving interval; CT, contractions; DA, decreased appetite; DBT, decrease in basal temperature; F, flukes first; HF, head 


first; MD, milk discharge; VD, vaginal discharge. 


' Andrews et al. 1997; Duffield et al. 2000; Joseph et al. 2000; Sweeney et al. 2000; Wells 2000. 


i Dalton et al. 2005. 


ii Comrie and Adams 1938; Purves and Pilleri 1978; Robeck et al. 1994b; Atkinson et al. 1999; Walsh 2000, pers. comm. 


Brodie 1971a; Braham 1984; Robeck et al. 2005a. 
’ Terasawa et al. 1999. 
vi Both calves had to be manually extracted. 
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Induction of Parturition or Abortion Although the hor- 
monal control of parturition is not completely understood, 
administration of hormones in appropriate combinations can 
result in the induction of parturition, sometimes with less than 
satisfactory results (Robeck et al. 2012b). Induction of parturi- 
tion should not be attempted, therefore, unless the clinician 
feels it is the only recourse available. With a wide range in 
gestational lengths within species, and an often speculative 
conception date, induction of “overdue” calves is never indi- 
cated. In our clinical experience, and in most cases, attempt- 
ing to induce delivery of an apparently dead, in utero, fetus 
is not indicated. If uterine infection is the cause of the dead 
fetus, the cow can be placed on antibiotics until she aborts 
the fetus. At that time, uterine, placental, and fetal cultures 
can be obtained to ensure effective treatment. In addition, 
postpartum uteri are easily catheterized for local treatment. 

The authors have yet to observe a case where induction of 
parturition was necessary. A more likely scenario would be to 
induce an abortion of an early, unwanted pregnancy. Induction 
of an abortion is not recommended for animals beyond the 
first trimester; although induction of abortion was successful in 
a midterm beluga (with what was considered life-threatening 
pneumonia), using 40 mg Lutalyse® IM, twice daily for 4 days, 
followed by 40 IU of oxytocin, 3 hours apart to expel the par- 
tially aborted fetus and placenta. If attempting to induce an 
abortion, it is important to ensure that the CL is not functional 
(serum progesterone < 5 ng/ml) to be sure the progesterone 
block is removed. Lysis of the CL action alone may induce 
labor. For bottlenose dolphins, 10 to 25 mg Lutalyse® IM, twice 
daily for 3 days, appears to be effective in lysing the CL. The 
addition of oral estradiol (6 mg, once a day) 5 days prior to 
starting the PGF, administration will help mimic the late rise 
in estrogens, increase uterine contractibility, and enhance local 
uterine immunity. Estradiol administration should be contin- 
ued for 2 days after the last prostaglandin administration (total 
hormone treatment time of 10 days). Estradiol treatment alone 
has resulted in the abortion of a dead midterm bottlenose dol- 
phin fetus. For a dead mid- to late-term Indo-Pacific bottlenose 
dolphin fetus, the prostaglandin E2 (PGE2) analogue dinopro- 
stone, 2 mg, was administered IM, twice daily for 4 days. The 
fetus was aborting early on the fifth day, and 20 IU of oxytocin 
was administered to complete the abortion, and aid in placen- 
tal passage of the dead calf (P. Martelli, pers. comm.). 

For bottlenose dolphins experiencing pseudopregnancy 
or for those within the first 4 months of pregnancy, lysing 
the CL with Lutalyse® (10 mg IM, twice a day for 3 days) or a 
synthetic prostaglandin (cloprostenol 125 mcg IM, twice a day 
for 3 days) should be sufficient to terminate the pseudopreg- 
nancy or induce abortion. The reader must understand that 
the use of these protocols for induction of abortion is limited. 
Sound clinical judgment must be used regarding whether or 
not to abort an unwanted pregnancy, keeping in mind that 
such a decision should be considered early on (at 60 days or 
less of pregnancy), because of the potential risks associated 
with performing such a procedure. 


Male Cetacean Reproduction 


Sexual Maturity 

Bottlenose dolphins Postmortem assessment of sexual 
maturity in males is based on testis weight, diameter of the 
seminiferous tubules, presence of spermatozoa in the semi- 
niferous tubules, and presence of seminal fluid in the epi- 
didymis (Perrin and Reilly 1984). Observations of the gonads 
of bottlenose dolphins from Florida waters suggested that the 
age of sexual maturity for males was 10-13 years (Sergeant, 
Caldwell, and Caldwell 1973; Perrin and Reilly 1984; Cockcroft 
and Ross 1990), but may begin as early as 9 years (Cockcroft 
and Ross 1990). Males recovered on the east coast of South 
Africa were estimated to attain sexual maturity at 14.5 years 
of age (Cockcroft and Ross 1990). Normal ejaculates were 
obtained from a 7-year-old captive Indo-Pacific bottlenose 
dolphin (Brook 1997), and as early as 10 years from common 
bottlenose dolphins. Puberty in males has been estimated 
as the time when testosterone concentrations first rise from 
less than 1 to 10 ng/mL. In contrast, Yuen (2007) and Brook 
(1997) determined that mature male Indo-Pacific bottlenose 
dolphins can exhibit testosterone values below 1.0 ng/mL, 
and they found sonographic testicular echotexture was a 
more reliable indicator of maturation (Table 10.4). 


White-sided dolphins Sexual maturity occurs when 
males reach 240 cm in length and 6-8 years of age (Sergeant, 
St. Aubin, and Geraci 1980; Rogan et al. 1997). In another esti- 
mation from wild animals, the youngest sexually mature male 
was 10 years of age and a mean of 178 cm in length (Ferrero 
and Walker 1996). In agreement with wild data, semen has 
been collected from captive males as early as 10 years of age. 


Killer whales Wild killer whales have been estimated 
to reach sexual maturity at 15-16 years of age and 6-7 m in 
length (Bigg 1982; Christensen 1984). Based on serum andro- 
gen determinations in known-age animals, classifications 
were juvenile (< 7 years), pubertal (8 to 12 years, average 
length of 496 cm), and adult ( 13 years, average length of 
548 cm; Robeck and Monfort 2006; O’Brien et al. 2016). It 
should be noted that these results describe animals primarily 
of the North Atlantic Type 1 ecotype, which are considerably 
smaller at adult size than the resident killer whale populations 
of the Pacific Northwest. 


Beluga Sexual maturity was estimated at 8-9 years of 
age in wild white whales (Brodie 1971). For captive animals, 
the youngest male to sire a calf was 9 years old at the time of 
conception (mean estimated age was 13 years), and based on 
serum testosterone concentrations, animals less than 9 years 
were considered immature (Robeck et al. 2005a). Analysis 
of serum anti-Mullerian hormone concentrations, combined 
with testosterone, provided further clarification that males 
aged 10 to 14 years were pubertal and that sexually mature 
males were 215 years of age (Montano et al. 2016b). 


190 Reproduction 


‘(soyew Z = U) GgOOT ‘Ie 18 YOOQOY,, :(ayew | = U) 
8007 ‘Ie 39 UPHG.Oo, «(Safe 9 = U) 9O07 Hojo] Pue YOEqOH : LLO? ‘OO? ‘Ie 38 YOOGOY WO PEALE, -(Seyew yp = U) eyep ‘|qndun ‘usiig,C PUe Y9EQOH :600Z ‘€00Z 
‘Je 18 YOSQOY WO PSAs ‘(SeyewW € = U) GOOT ‘|e }8 ANA, ‘(ajew | = U) Z00T7 ‘Je J8 OULIUOPy ‘(AJEW | = U) G86] J9|}Oy PUe JOPSOIYOS, ‘(Seyew Z| = U) eyep ‘|qndun 
‘uaug,O pue yOEqoH, ‘8g00z Aa|pNde ‘(sarew pv = U) POO?’ UeLG,.O pue yOeqoY, ‘(sejew € = U) 900Z YO9qOY puke uUalig,O, ‘puNos-1eaA peonpoid ase eozoyeWEdS » 
‘payeolpul ssejun ‘(ajqejreae uaym) ebuel JO/pue ‘GS F SUBSW Jaya ae Byeq /ajJONV 
"eOLOZ YO@qoY pue udslg,.O WO paydepy -aa/nos 


o1'eSPUd} [eUOSeES 


l@uoseesuoN 


gleuosees AjUBIH 
,JPeUOSeaSUON 


9's',SPUAJ] [eUOSeas 
pue ,/euoseesuoN 


(sisouaboyeuwieds 
jo 99U011ND90) 
Ayjeuoseas 
daalonpoiday 


u6 a9 * 09 019 + €8 
(0g =u (8p =u 
‘66-LZ) ‘86-8r) 
re) 5 6Z * 06 688 + 68 
(92 =u (py =u 
‘66-Z8) ‘66-92) 
80h 8 + 96 8G + V6 
28-ZL = 2Z6-GL 
6G zo + 96 iv + 88 
(uol}daau0d J0/pue (%) (%) 
ajejnoely siwseds eozoyewieds = (Ayyiqei/) 
jsul4 ye aby) JBWAON Ay6ayu] 
(saeaA) AjjeoiBojoyduowy «= auesquiayy 
Aynye BUWSPld 
aaonposday wads 


aS * SV 


(09 =u 


001-08) 


eb + €6 
(9g =u 
‘86-82) 
39 + 26 


256-91. 


iv + 28 


(%) 
AWINOW 


o6b ¥ S$ 
(99 =u 
‘O8vp—Zl) 
el 68 * SES 
(2g=u 
‘8 Gp-€) 
aZSlL ¥ 206 


20d€1—09 


10S6 + O8Sl 


(OLX) 
ajejnoely sed 


anisseiboig eozo}eWieds 


weds 


[e}OL 


o9b * O€ 


(99 =u 
‘Ov2-8) 
60S F LZ 


(2g =u 
‘€22-G'0) 
302 F OL 


LOvVL—-G 


ivy F BL 


(1u1/,0Lx) 
uolesjUsDU0D 
wueds 


obkF? 
(oZ = 
‘Ov—-S'0) 
eLFL 
(Lg =u 
‘Ge-L) 
39 = OL 


Lv9-€'0 


Sk + 9d 


(Jw) SwINjoA 
ajejnoely 


seona sniajdeuiyajaq 
ebnjeg 
SALADOLNOGONOW 


BOJO SNUIDIO 
B[EYM J9/I!y4 
suapinbijgo 

snyoutysousbe7 
ulydjop 
PSPIS-SUYM IIJl9ed 
snounpe sdojsun, 
ulydjop 
BSOUdIHOY IIJ!OC4-Opu| 
snjeound sdoisun, 
ulyudjop ssoua|yjog 
SALAOOLNOGO 
sa1d0ds 


UOHIE]]OD UaWES AseJUNJO/A 10} peured, sjeWUY peseg-yeY |eoIHO|OOZ WO} peAleg SONSsUE}eeUD eAl}ONpoidey UeEde}9D eIeY| POL PIGEL 


Reproduction 191 


Seasonality There exist multiple potential influences on 
male seasonality, but basic research in this area is lacking. 
Social suppression or stimulation of reproductive activity as 
relates to the presence or absence of mature cycling females 
and other males, dominance hierarchies, sizes of the breed- 
ing population, and environmental or nutritional cues may 
all play some role in modification of seasonal levels of male 
fertility. 


Bottlenose dolphins Collective studies show that bottle- 
nose dolphins display increases in fecundity during predict- 
able periods, but remain fertile throughout the year. Harrison 
and Ridgway (1971) found evidence for seasonal variation in 
testosterone concentrations of bottlenose dolphins, which 
were elevated to 14-24 ng/mL in September and October, 
as well as in April and May. Peak testosterone concentra- 
tions correlated well with peak breeding activity. Schroeder 
and Keller @989) measured serum testosterone levels and 
sperm production in a 19-year-old bottlenose dolphin. Blood 
samples were collected twice monthly, and ejaculates were 
obtained twice weekly, over a 28-month period. Testosterone 
concentrations ranged from 1.1 to 54.1 ng/mL, with increasing 
levels from April to a peak in July in two consecutive sea- 
sons (Schroeder 1990b). Peak sperm production and density, 
however, occurred during the breeding season, late August 
through October, when testosterone concentrations were 
lowest. 

Other seasonally reproductive species exhibit peak sperm 
production after serum testosterone peaks (Byers, Dowsett, 
and Glover 1983; Asher, Day, and Barrell 1987; Matsubayashi 
et al. 1991). This delay may represent the observed inhibi- 
tory effects that high testosterone can have on spermato- 
genesis (Matsumoto 1990; Tom et al. 1991). Submaximal 
concentrations of testosterone may be required for optimum 
sperm recruitment. This is supported by the observation that 
normal spermatogenesis can occur in the presence of low 
intratesticular testosterone concentrations (Cunningham and 
Huckins 1979). The delay may also represent the normal lag 
time from spermatocyte recruitment (which is maximally 
stimulated during peak testosterone) to sperm maturation in 
dolphins (Byers, Dowsett, and Glover 1983; Asher, Day, and 
Barrell 1987). 

Kirby (1990) summarized data of serum testosterone con- 
centrations in common bottlenose dolphins, and reported that 
biweekly samples of five male dolphins over periods of 6 to 
24 months allowed classification of individuals as immature, 
pubescent, or sexually mature. Testosterone concentrations 
in mature animals (13-15 years of age) fluctuated between 
2 and 5 ng/mL, rising above 10 ng/mL in the breeding sea- 
son. O’Brien and Robeck (2010b) documented almost twofold 
higher sperm production (number of sperm per ejaculate) in 
three adults during the months of spring and summer, com- 
pared to those of fall and winter, but testosterone analyses 
were not performed. Yuen (2007) did not find changes in 


testicular echopattern with season, and only a slightly sea- 
sonal pattern of testosterone production and sperm produc- 
tion. Data from Brook (997) and Yuen et al. (2009) support 
the basic presumption that Indo-Pacific bottlenose dolphins 
whose geographic range is in temperate climates would have 
less nutritional or environmental pressures for the develop- 
ment of seasonal breeding patterns. 


White-sided dolphins Male Pacific white-sided dolphins 
have well-defined periods of seasonality lasting 3 to 4 months, 
during which time ejaculates are initially azoospermic, before 
reaching high average concentrations (144.3 x 10’ sperm/mL). 
Serum testosterone increases from less than 0.1 ng/mL to a 
mean peak of 24.3 ng/mL. Testicular diameter went from a 
low of 3.1 cm to a peak of 79 cm, which occurs 1 month 
after peak serum testosterone (Robeck et al. 2009). Evidence 
suggests that the breeding season in males is influenced by 
the geographical region from which the animals originated. 
That is, sperm production for males from the eastern Pacific 
occurs typically during July to September, while animals from 
the western and northern Pacific display sperm production 
from May to July. This shift in sperm production could result 
in a mismatch between cycling females and males if their 
seasonal breeding activity does not overlap. However, thus 
far, it appears that some females have been able to respond to 
the presence of breeding males and cycle outside the popula- 
tion’s typical season of estrus activity. 


Killer whales Serum testosterone and androstenedione 
production exhibited significant seasonal variation, with both 
androgens being elevated in adult males (213 years of age) 
during spring and summer (March to August in the north- 
ern hemisphere). Despite this seasonal variation in endocrine 
function, sperm has been collected from five males through- 
out the year (Robeck et al. 2004; O’Brien et al. 2016). Thus, in 
agreement with observed calving periods and female cyclic 
activity, killer whale males are fertile throughout the year, 
with possible peak fertility occurring in the spring and sum- 
mer. The seasonal variations in androgens may have a con- 
siderable influence on libido, implying that the collection 
and banking of ejaculates for conserving the species’ genetic 
diversity may be more consistently achieved in the months of 
spring and summer. 


False killer whales The only reproductive seasonality 
data are from one adult male false killer whale, where testos- 
terone concentrations exhibited no obvious seasonal trends 
(Robeck, unpubl. data). 


Beluga Captive adult male beluga display increased 
serum testosterone production from January to April (typi- 
cally >6 ng/mL) and nadir concentrations in the months 
of August and September (~ Ing/mL; Robeck et al. 2005a; 
Montano et al. 2016b). Data from one male showed that sperm 
production peaked in February, approximately 1 month after 
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peak testosterone, with nadir sperm concentrations found in 
August and September, but sperm were produced throughout 
the year (O’Brien et al. 2008). In corroboration of seasonal 
changes in testicular output, in four captive male beluga, mean 
testicular volume was observed to be significantly lower from 
June to November compared to December to May (Richard 
et al. 2011). Despite these seasonal variations in sperm pro- 
duction, testicular volume, and testosterone production, the 
production of anti-Mullerian hormone (from the Sertoli cells 
of the testis) did not significantly vary between the breeding 
and nonbreeding season. Therefore, anti-Mullerian hormone 
does not appear to be a good indicator of seasonal testicular 
activity in beluga (Montano et al. 2016b). 


Contraception and Control of Aggression 


Females For over 20 years, the oral progestin, altrenogest 
(Regu-Mate®, Merck Animal Health, Millsboro, DE, USA), has 
been used extensively in cetaceans for estrus synchroniza- 
tion and contraception purposes. Altrenogest is a synthetic 
progestagen, and during long-term treatment, it suppresses 
follicular activity by binding to hypothalamic receptors and 
consequently inhibiting the release of LH and FSH from the 
pituitary. The medication appears to be relatively safe, widely 
obtainable, and easy to administer (protective gloves should 
be worn by staff handling the compound to avoid contact 
with skin). The current recommended dose for contraception 
across multiple species is 0.044 mg/kg once a day, by mouth. 
It should be noted that bottlenose dolphins and killer whales 
have conceived while receiving altrenogest. In one of the dol- 
phin cases, altrenogest administration during conception was 
associated with abnormal fetal development, early fetal death, 
and abortion (early second trimester). Pregnant animals have 
also been accidentally placed on altrenogest. Anecdotal evi- 
dence suggests that normal gestation will proceed after gradual 
altrenogest withdrawal from these animals over several days. 
However, if fetal death occurs while an animal is receiving 
altrenogest, fetal retention is the most likely sequela. For 
females initiating altrenogest treatment in the presence of a 
large follicle, some will ovulate as mentioned above, but in 
others, the follicle does not ovulate or regress, and instead 
persists as an inert ovarian cyst. Finally, placing an animal 
with a uterine infection on altrenogest is contraindicated. 
Therefore, prior to initiating altrenogest administration (or 
any contraceptive product), the reproductive health and status 
of the animal should be evaluated by standard hematology, 
biochemistry, and serum progesterone analysis combined 
with ovarian and uterus ultrasound exams. Pregnancy should 
especially be ruled out prior to altrenogest administration in 
animals with elevated serum progesterone (> 1.0 ng/mL) and 
access to breeding males. For bottlenose dolphins, if a large 
follicle (1 cm diameter) is detected, either the animal should 
be allowed to ovulate naturally prior to receiving altrenogest 
and access to males, or she can be induced to ovulate using 
GnkH, once the follicle reaches preovulatory size (see section 


below). Alternatively, if the observed follicle is between 0.8 
and 1.5 cm in diameter, the follicle(s) can be induced to 
regress by administering 5 mg estradiol by mouth once a day 
for 5 days, with altrenogest administration starting on the fifth 
day. A flow chart summarizing the recommended diagnostic 
steps to be followed prior to contraceptive treatment using 
altrenogest or any progestin is outlined in Figure 10.4. 

The progestin medroxyprogesterone acetate (Provera®, 
Pfizer Inc.) has been used to synchronize estrus in a beluga 
(0.05 mg/kg by mouth), and may also be effective for short- 
term contraception (Robeck et al. 2010). 

The use of GnRH agonists has been previously reported 
for contraceptive use in male cetaceans, and GnRH agonists 
have also been used, but with mixed results, in females. Two 
9.4 mg implants of deslorelin acetate (Suprelorin®, Peptech 
Animal Health, Australia) inserted beneath the blubber layer 
(a recommended placement is approximately 10 cm cranial 
and 15 cm laterally to the leading edge of the dorsal fin) 
appear to offer at least 6 months of pituitary suppression 
in bottlenose dolphins. In contrast, a 40 kg Commerson’s 
dolphin ovulated and conceived after receiving one 9.4 mg 
deslorelin implant. In a killer whale, monthly injections of 
leuprolide acetate 1.4 mg, Lupron®; Tap Pharmaceuticals 
Inc., Deerfield, IL) prevented pregnancy until month 3, with 
a conceptive ovulation occurring after the third injection. 
Clearly, there are species-specific sensitivities to GnRH ago- 
nists that must be determined before recommendations for 
their use outside of the bottlenose dolphin can be made. 
Recently, the GnRH vaccine, GonaCon™ (USDA, Fort Collins, 
CO), has been used as a long-term block of GnRH activity in 
male dolphins (see below). This contraceptive approach may 
be effective in female cetaceans, but reversibility and poten- 
tial side effects need to be examined. 


Males Most efforts in marine mammal contraception have 
been primarily to control fertility and aggression in males. In 
male bottlenose dolphins, the GnRH agonist leuprolide ace- 
tate has been successfully used to cause azoospermia (15 mg/ 
month; Briggs 2000). However, since this initial report, efforts 
in duplicating its success have been unsuccessful (using vary- 
ing doses of both leuprolide acetate and deslorelin acetate, 
20-40 mg/month). Thus, at this point in time, GnRH agonists 
are not recommended for contraception and male aggression 
or fertility control. More recently, the use of a GnRH vaccine, 
GonaCon™, in one bottlenose dolphin male resulted in the 
suppression of serum testosterone production and a reduc- 
tion in testicular size for up to 24 months. The only negative 
side effect was a large granuloma at the injection site that 
resolved over a 2-year period Johnson, pers. comm.). No 
evaluation of the vaccine’s effect on fertility was performed 
during treatment, and reversibility also remains unknown. 
The suppressive action on serum testosterone concentration 
and testicular size in this one animal provides some incentive 
for further investigations of GnRH vaccines as potential birth 
control for males. 
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Reproductive Abnormalities in Cetaceans 


Cystic Follicles Cystic follicles with varying degrees of 
luteinization were reported in the short-finned pilot whale 
(Marsh and Kasuya 1986). Cystic follicles have been known to 
produce estrogens and progesterone depending on the degree 
of luteinization that occurs in other species (Youngquist 
1986; Carriere, Amaya, and Lee 1995). Using ultrasound, cys- 
tic follicles have since been visualized in bottlenose (Robeck 
et al. 2000) and Pacific white-sided dolphins (Robeck et al. 
2009). Luteinized cystic follicles may be partially respon- 
sible for pseudopregnancy that can occur in at least three 
delphinid species. Periovarian cysts measuring up to 10 cm 
in diameter have also been observed in bottlenose dolphins, 
Commerson’s dolphins, and killer whales of varying ages 
(Figure 10.6). The cause of these cysts is unknown. In the 
authors’ experience, the endocrine activity of such cysts is 
minimal, and they do not appear to affect fertility. Treatment 
for an anovulatory follicle, which may become cystic, is 3 X 
250 pg IV, 1.5 to 2 h apart, of GnRH (e.g., Cystorelin®; Merial, 
Ltd., Duluth, GA). If the cyst is still responsive to exogenous 
hormone treatment, it will ovulate or luteinize and eventually 
regress. Often, however, these anovulatory follicles will go 


unnoticed until they become unresponsive to treatment and 
will remain on the ovary. No treatment has been developed 
for periovarian cysts in cetaceans. 

Prolonged luteal phases in domestic animals have been 
associated with uterine infection or inflammation, early 
embryonic loss, and diestrus ovulations (Hinrichs 1977). No 
clinical evidence exists to suggest an inflammatory process 
as causing prolonged or erratic luteal phases in our cetacean 
cases, although frequent and timely ultrasound examinations 
during ovarian activity may help us to explain these phe- 
nomena. The reader is referred to the previous section on 
Pseudopregnancy and retained CL for further information. 


Dystocia and Stillbirth Dystocia with fetal death has 
occurred in cetaceans. In these situations, intervention was 
usually delayed until fetal death had occurred, so the only 
remaining concern was for the cow. A variety of treatments 
have been used for dystocia in cetacean species. One female 
bottlenose dolphin that conceived while on altrenogest fol- 
lowed by fetal death aborted a macerated fetus, leaving bones 
within the uterus, which could not be removed using endos- 
copy. Follow-up endoscopy revealed an occluded left uterine 
horn, and based on multiple ovulations without subsequent 


Figure 10.6 Ovarian cysts. (a) A 4.1 x 3.6 cm ovarian cyst (white arrow) in a ~40-year-old Commerson’s dolphin (Cephalorhynchus commersonii). This 
female had multiple calves, and based on the visible corpora albicantia (white arrowhead), at least some of the calves were probably from ovulations 
from this ovary. (Courtesy of Dr. G. Montano.) (b) Ovarian cyst (1.8 x 2 cm) within the stroma of the left ovary (ovary highlighted by white arrowheads) 
of a Pacific white-sided dolphin (Lagenorhynchus obliquidens). The cyst eventually regressed, and the animal was of apparent normal fertility. Note 
that the ovarian cortex has multiple regressing follicles as indicated by the hypoechoic cortical regions. (c) Large ovarian cyst (6.6 x 8.9 cm) in a bot- 
tlenose dolphin (Tursiops truncatus). (d) Multiple ovarian cysts, ranging in size from 2 to 3.5 cm in diameter in the left ovary of a killer whale (Orcinus 
orca). Postmortem gross exam revealed abnormal ovarian structure consisting of fibrous tissue connecting the ovarian cysts. Normal ovulation and 
pregnancy were documented from this animal's right ovary (image not shown). 
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pregnancies, reduced fertility (Robeck et al. 2012a). This is 
a similar presentation whereby a female killer whale, which 
conceived on altrenogest, also experienced fetal death and a 
prolonged abortion of fetal parts. 

By far the most frequent pathology associated with repro- 
duction is stillbirth. A recent survey revealed an 8% abortion 
and an 8.8% stillbirth rate in bottlenose dolphin births from 
1995 to 2000 Joseph, Duffield, and Robeck 2000). Only a few 
females were responsible for a high percentage of stillbirths 
and neonatal deaths. These females should be identified and 
environmental or physiological conditions that may be con- 
tributing to poor reproductive success should be addressed, 
where possible. Furthermore, as Miller and Bossart (2000) 
point out in their review of reproductive-related pathology in 
bottlenose dolphins, both the fetus and placenta should be 
submitted for culture and histology, in an effort to determine 
potential infectious causes of reproductive failures. 


Twinning Twinning has been reported rarely in bottlenose 
dolphins and on at least three separate occasions in beluga (for 
a brief review, see Osborn et al. 2012). In the most recent case, 
early diagnosis and monitoring of twins in utero, combined 
with accurate knowledge of the conception date and normal 
beluga gestation length, allowed for the development of an 
antenatal treatment plan. In brief, if the twins reached 90% of 
the normal gestation length (+428 days of a 475 day gestation), 
then weekly antenatal steroids (12 mg betamethasone) were 
administered until labor, and if born alive, intratracheal surfac- 
tant (calfactant: Infasurf®, ONY Inc. Amherst, New York 14228, 
USA) was administered (Osborn et al. 2012) to the calves. One 
calf was born alive and lived beyond 3 years of age. 


Artificial Insemination 


Artificial insemination (AI) can be an important and power- 
ful tool for managing the genetic diversity of captive popula- 
tions. Over the past 16 years, 51 cetacean AI calves have been 
born (Table 10.6). The five species where these techniques 
have been successfully accomplished are the Indo-Pacific 
bottlenose and common bottlenose dolphins, Pacific white- 
sided dolphin, beluga and killer whale (see review in O’Brien 
and Robeck 2010b). The development of AI in these species 
was facilitated by advanced husbandry training techniques, 
which have allowed for the safe, non-stressful collection of 
biological samples (semen, urine, blood) and transabdominal 
ultrasound exams necessary to understand and describe their 
basic reproductive physiology (see Chapter 39, Training for 
Medical Procedures). Specifically, this knowledge allowed for 
the development of multiple techniques required for an effec- 
tive and repeatable AI program (i.e., semen collection, sperm 
handling and storage, ovulation prediction and detection, 
estrus synchronization, and insemination techniques). In the 
process of describing their basic reproductive physiology (in 
earlier sections of this chapter), previously unknown similari- 
ties and differences were detected and described among and 


across species. The successful development of AI in such a 
diverse group of cetaceans holds great promise for the appli- 
cation of these techniques toward the conservation of endan- 
gered species. 


Semen Collection, Storage, and Cryopreservation Although 
several early studies with bottlenose dolphin spermato- 
zoa demonstrated the potential for cryopreserving sperma- 
tozoa from this species (Hill and Gilmartin 1977; Fleming, 
Yanagimachi, and Yanagimachi 1981; Seager et al. 1981; 
Schroeder and Keller 1989), only recently has research been 
published that confirms the fertility of such samples, and 
that critically evaluates the various factors affecting post- 
thaw sperm survivability: in bottlenose dolphins (Robeck and 
O’Brien 2004; Robeck et al. 2005b); Pacific white-sided dol- 
phins (Robeck et al. 2009, 2013); beluga (O’Brien and Robeck 
2010a); and killer whales (Robeck et al. 2004, 2011, 2012a). 
Clearly apparent from this research is that all species have 
specific needs for optimum preservation (Table 10.5). This is 
not surprising, given the diversity of sperm morphology across 
species (Kita et al. 2001; Miller et al. 2002), and the presump- 
tive variation in cell membrane composition, stability, and per- 
meability (an area that requires investigation in cetaceans). 
Important variables affecting the success of sperm liquid stor- 
age or cryopreservation include extender composition (including 
pH and osmolality), cryoprotectant type and concentration, and 
rates of cooling, freezing, and thawing. All of these variables can 
influence in vitro measures of sperm quality, including motility, 
plasma membrane and acrosome integrity, and the longevity of 
these parameters during a post-thaw incubation. In vitro sperm 
parameters (motility, membrane, and acrosome integrity) of all 
cetaceans evaluated are well maintained during prolonged liquid 
storage at 4-6°C and when held in species-specific egg yolk- 
based extenders (Table 10.5). Although no objective research 
has been conducted to determine the effect of long-term liquid 
storage on fertility in any cetacean, based on other species, it 
can be assumed that sperm aging would impact conception 
rates after several days in a liquid-stored state. Nevertheless, 
the in vivo fertility of chilled killer whale sperm was main- 
tained for 4 days post-storage, and the observed ability to 
retain in vitro sperm function parameters over an extended 
period of time has allowed for sperm to be shipped across long 
distances for evaluation, processing, long-term storage (cryo- 
preservation), sex-sorting, and direct use for AI in all species. 
For cryopreservation, all of the species evaluated exhibit 
some degree of sensitivity toward the cryoprotectant glycerol 
combined with the freeze-thaw process (Table 10.5). Thus 
far, spermatozoa from beluga appear to be the most suscep- 
tible to damage during cryopreservation and thawing, but 
replacement of glycerol with the nonpermeating cryoprotec- 
tant trehalose led to an almost twofold increase in post-thaw 
total motility (O’Brien and Robeck 2010a). For all other stud- 
ied cetaceans, acceptable sperm survival has been achieved 
using a glycerol-based cryodiluent when final concentrations 
are <6%. The optimum freezing rate for each species depends 
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Table 10.5 Male Cetacean Genome (Semen) Storage Methods 


Duration of 
Chilled Storage 
Optimum Base (4-6°C) Prior 
Extender(s) to Conceptive 
Species (Components) Al (days) 
ODONTOCETES Test-yolk buffer 2 
Bottlenose dolphin‘ (TYB; TES, Tris, 
Tursiops truncatus fructose, egg yolk) 
Pacific white-sided Platz Diluent Estimated 
dolphin? Variant (PDV; 1-2 days 
Lagenorhynchus lactose, egg yolk) 
obliquidens or TYB 
Killer whale? Beltsville extender 4 
Orcinus orca (BF5F; TES, Tris, 
glucose, fructose, 
egg yolk) 
MONODONTOCETES BF5F+ hyaluronic 1 
Beluga* acid (HA) 
Delphinapterus leucas 


Sperm packaging 


Device(s) for Optimum 
Cryopreservation Cryodiluent 
(Straw: STR; Vials | Components (Final 
for Directional Cryoprotectant Freezing Method and 
Freezing: DF) Concentration, v/v) Freezing Rate (FR) 
STR: 0.25, 0.5 ml STR:TYB+3% STR: dry ice for 
DF: 2.0-8.0 ml vials glycerol 5 minutes (0.25 ml) 
DF:TYB+1.5% or 10 minutes (0.5 ml) 
glycerol or LN vapor using a 
medium FR (0.5 ml)§ 
DF: 30-60 seconds 
seeding step and 
medium FR® 
As for Tursiops PDV+3.5 to 7% As for Tursiops 
truncatus glycerol truncatus 
TYB+3%glycerol 
As for Tursiops BF5F+3 to 6% As for Tursiops 
truncatus glycerol truncatus 


DF: 2.0-8.0 ml vials BF5F+HA+91 mM 


trehalose 


DF: 30-60 seconds 
seeding step 
and fast FR’ 


'Robeck and O’Brien 2004; *Robeck et al. 2009; *Robeck et al. 2011; *O’Brien and Robeck 2010a; 5Straw medium FR: 0.5 ml straws held 
in a freezing rack are placed at 13.5 cm above the level of the liquid nitrogen (LN) for 5 minutes, dropped to 4.5 cm for 5 minutes, and then 
plunged in LN (overall cooling/freezing rate prior to transfer to LN: -14.6°C/min). ®Directional FR: precooled vials are moved through a 
-50°C block at 1 mm/s and into a collection chamber at —100 to -110°C (overall freezing rate prior to transfer to LN: -18.2°C/min). 
7Directional FR: precooled vials are moved through a —50°C block at 3 mm/s and into a collection chamber at —100 to -110°C (overall 


freezing rate prior to transfer to LN: -26.4°C/min). 


on the freezing method used (e.g., dry ice versus directional), 
but in general, a medium to fast freezing rate has been most 
effective (see Table 10.5). For low cost packaging, ease of stor- 
age, and transport, cryopreserving in straws is the best choice. 
However, for organizations developing more extensive sperm 
cryobanking and AI capabilities, investment in a directional 
freezer (IMT International, Chester, UK) would provide a freez- 
ing method, which has been proven to consistently provide 
improved post-thaw in vitro sperm parameters across all spe- 
cies in which it has been evaluated. In addition, the packaging 
system allows for cryopreservation of large volumes (up to 9 ml 
per tube) of extended semen, volumes, which for convenience 
can be adjusted to allow for 1 insemination dose per vial. 


Postmortem Sperm Rescue and Cryopreservation Mam- 
malian epididymal spermatozoa remain structurally intact and 
can retain motility in the tail of the epididymis for several hours 
or more after death. Successful collection and storage of post- 
mortem epididymal spermatozoa has been accomplished in a 
few cetacean species, including beluga, bottlenose dolphins, 
common dolphins, and killer whales. The harvesting of gam- 
etes postmortem and subsequent use in reproduction via AI 
or other assisted breeding technologies provides a mechanism 


for saving genetic diversity that would otherwise be lost, and is 
of particular importance for threatened species. The quantity, 
in vitro quality, and fertility potential of postmortem sperm 
samples vary across and within species and are particularly 
influenced by age, reproductive maturity, and health of the ani- 
mal before its death (traumatic event vs. chronic debilitation), 
length of time after death the sperm is collected, environmen- 
tal conditions at death, and handling of gonads once collected. 

For males, the testes, epididymides, and vas deferens 
should be collected intact for slow cooling and transported to 
the reproductive lab as soon as possible, and ideally within 
4 hours after death, with sperm extraction/freezing occurring 
within 24 hours of death (O’Brien et al. 2015). In most species 
of cetaceans, a large proportion of recoverable sperm are held 
in the vas deferens. For this reason, the vas deferens should be 
double-ligated prior to excision (use plain/noncoated polypro- 
pylene or nylon suture material). The double ligature is made 
as close to the trigone of the bladder as possible to maximize 
the excised length of vas deferens and sperm number within it. 
Once the intact reproductive tract has been removed, each side 
is placed into a 1 gallon zip lock bag and labeled with date, 
animal ID, time of animal death, time of collection, abdominal 
body temperature at time of collection, ambient temperature at 
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time of collection, and side (R or L). The bags containing repro- 
ductive tissue are placed in a cooler at the same time as ice 
packs (previously frozen at -20°C). To avoid damaging sperm, 
it is critical that the bags of reproductive tissue are insulated 
by at least 4 cm from direct contact with the ice packs and 
that the bags are secured firmly in place to prevent excess 
movement during transport to the reproductive lab. This is 
achieved by surrounding the bags of tissue with Styrofoam 
inserts and packing material, respectively. The number of ice 
packs to include will depend on the size of the gamete res- 
cue box, but the aim is to cool tissue to a final temperature 
of 5-10°C with a cooling rate of ~-0.2°C/min (Figure 10.7). 

For females, whole ovaries should be removed as 
soon as possible after death and immediately transferred 
to a 50-250 ml sterile container containing prewarmed 
(30°C) phosphate-buffered saline (PBS, supplemented with 
Penicillin-G [250 IU/ml] and streptomycin sulfate [95 1U/ml)). 
Sterile physiological saline (0.85% w/v NaCl, supplemented 
with the aforementioned antibiotics, can be used in place of 
PBS. Tubes should be labeled right and left with the same 
sample details listed for male reproductive tissue. Ovaries can 
be shipped overnight in an insulated container with the aim 
to maintain tissue between 19°C and 21°C. 


Manipulation and Control of Ovulation Populations of 
bottlenose dolphins tend to exhibit seasonally bimodal peaks 
of reproductive activity or calf production. However, individual 
animals within these populations can have periods of poly- 
estrous activity throughout the year, long anestrus intervals, 
or pseudopregnancy. Attempts at maximizing the reproduc- 
tive potential of these populations are difficult when potential 
breeding females are experiencing anestrus or pseudopreg- 
nancy. In addition, unpredictable estrus patterns reduce repro- 
ductive managers’ control of potential breeding events. Two 
basic methods of controlling ovulation in any mammalian spe- 
cies include induction of ovulation and estrus synchronization. 


Induction of Follicular Development and Ovulation 
Multiple attempts at inducing follicular development in bot- 
tlenose dolphins with exogenous gonadotropins (human 
chorionic gonadotropin [hCG], and pregnant mare serum 
gonadotropin [PMSG]) have been performed with wide varia- 
tions in response (Sawyer-Steffan, Kirby, and Gilmartin 1983; 
Schroeder and Keller 1990). These early attempts did not 
have the benefit of ultrasound technology to verify protocol 
efficacy, and thus definitive conclusions could not be made. 
Later attempts, which combined exogenous hormone treat- 
ment with ovarian ultrasonographic imaging, demonstrated 
variable sensitivity to induction protocols from no response 
to hyperstimulated ovaries (Robeck et al. 1998, 2000). In gen- 
eral, it appears that bottlenose dolphins that are cycling or 
that have at least some follicular activity prior to administra- 
tion of these stimulatory gonadotropins can respond with fol- 
licular development, but such development rarely results in a 
single ovulation. For anestrus females, one attempt has been 


Place 2 

ice packs 
and packing 
material here 


Place 2 


ice packs 
and packing 
material here 


2 ice-packs 2 ice-packs 
Place tissue and packing 
material here. 

Final temp. is 5—10°C 


Figure 10.7 Transport box (“Gamete rescue box”) for shipping male 
reproductive tissue to the laboratory for gamete rescue (sperm collection 
and cryopreservation). The outer cooler can be replaced by a regular 
packing box. All ice packs are stored in a -20°C freezer for at least 

24 hours prior to use. 


reported using 2 doses of 3 ml P.G. 600® (ntervet, Merck 
Animal Health, Madison, NJ; each ml contained 200 IU hCG + 
400 IU PMSG) 1 week apart (days 0 and 7), followed by 1500 IU 
hCG IM on day 20, with a fertile ovulation occurring between 
days 24 and 27 (Ugaz et al. 2010). As stated earlier, trials 
using leuprolide acetate (11.4 mg IM) as a contraceptive in a 
killer whale eventually resulted in ovulation and pregnancy. 
Although it is clear that GnRH agonists have some potential 
for inducing ovulation, ovarian ultrasonographic monitoring 
of the animal prior to and during and after administration are 
necessary and care should be taken to avoid overstimulation 
of the ovaries. 

GnRH Ce.g., Cystorelin®) has been used on multiple occa- 
sions to stimulate ovulation in bottlenose dolphins, killer 
whales, and beluga (Robeck et al. 2010; O’Brien and Robeck 
2012). Multiple trials using different dosages and frequencies 
determined that 3 x 250 pg 1.5 to 2 hours apart Gntravascular) 
was required to consistently cause ovulation. It is critical that 
a follicle develops to at least minimum preovulatory size, as 
determined by ultrasonography, prior to any attempts at induc- 
ing ovulation (see Table 10.2 and Figure 10.2). For beluga, a 
species determined to be an induced ovulator, follicles = 2.4 cm 
in diameter will ovulate using this dose regimen between 
35 and 40 hours after the first injection. In bottlenose dolphins, 
12 females received the GnRH regimen prior to timed AI, once 
follicles were classified as preovulatory (21.5 cm). Although all 
females ovulated in response to the induction protocol, four 
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animals subsequently displayed subnormal concentrations of 
progesterone. It was hypothesized that these animals were 
administered GnRH prior to complete development of the folli- 
cle, which resulted in abnormal follicular luteinization (O’Brien 
and Robeck 2012). Although one full-term calf has been born 
using a combination of GnRH ovulation induction and timed 
AI, the considerable inter- and intra-individual variability of fol- 
licular size and hormone concentrations immediately prior to 
ovulation, and the low pregnancy rate (1/12 attempts), prevents 
recommendation of this controlled breeding approach. 


Synchronization of Ovulation The oral progestin, altre- 
nogest, has been used extensively for contraceptive pur- 
poses (see contraception section) and as an estrus (ovulatory) 
synchronization tool in beluga, bottlenose dolphins, killer 
whales, and Pacific white-sided dolphins (Robeck et al. 2004, 
2005b, 2009, 2010; O’Brien and Robeck 2010b). Altrenogest is 
administered over an interval equivalent to the luteal phase 
(0.044 mg/kg PO sid for 20 days), and if a CL is already pres- 
ent at initiation of treatment, it will regress during the normal 
timeframe. The effectiveness of altrenogest for synchronizing 
estrus and ovulation varies considerably among and within a 
species, but a positive response is more likely if the female 
is displaying ovarian activity at initiation of treatment. If pre- 
vious cycling history is known, then altrenogest treatment 
should be planned for the same time of the year for a particu- 
lar female. In contrast, females that are in anestrus or out of 
season will not respond to altrenogest treatment. As noted in 
the contraception section, females with large follicles (bottle- 
nose and Pacific white-sided dolphin: ~>1.0 cm) may ovulate 
on altrenogest, and thus require prostaglandin injections (2 x 
10 mg Lutalyse® IM, 8 hours apart) to lyse the recently formed 
CL Ge., 5 to 20 days old) prior to the withdrawal of altreno- 
gest for effective synchronization. To reduce the incidence of 
ovulation during altrenogest treatment, the growth of follicles 
that might attain dominance can be suppressed by adminis- 
tration of oral estradiol (5 mg once daily, PO) for 5 days, with 
altrenogest starting on day 5 of estradiol administration. 

As discussed above (in the Induction of Parturition sec- 
tion), the cetacean CL is sensitive to Lutalyse®, but requires 
relatively large (compared to domestic species) dosages. 
Luteolysis of the CL can be used to short-cycle a female, that 
is, to remove the CL earlier than would normally occur, in 
an attempt to induce estrus at an earlier time point. For a 
diestrus Cuteal) CL at least 5 days old, two PGF,, IM injec- 
tions, 8 to 12 hours apart, are typically required for luteolysis. 
Serum progesterone should be determined 7 days after the 
initial injection to determine the effectiveness of the treat- 
ment. A present lack of data prevents determination of the 
average timing of ovulation resulting from this synchroniza- 
tion protocol. In one case with a bottlenose dolphin, ovula- 
tion occurred at approximately 20 days post-injection, which 
is comparable to the timeframe following altrenogest with- 
drawal. Side effects of drug administration generally con- 
sisted of apparent abdominal discomfort, nausea, and on two 


occasions, inappetence for the remainder of the day. All obvi- 
ous abdominal discomfort was gone within 1 hour, and all 
animals returned to normal behavior by the following day. 


Insemination Techniques The success of AI depends on 
numerous factors, one being the timing of insemination rela- 
tive to ovulation. Generally, the optimum timing of insemi- 
nation across all cetaceans is within 6 to 12 hours prior to 
ovulation. Conception has not occurred more than an hour 
post-ovulation (Table 10.6). Determination of the start of 
the LH surge is used to time inseminations so that they occur 
prior to or at the time of ovulation. While rapid LH EIA has 
been developed to determine to detect and quantify the LH 
surge (O’Brien and Robeck 2006), the qualitative LH test 
(Canine Witness®, Witness Synbiotics Corp., Kansas City, MO, 
USA) developed for the canine has sufficient cross-reactivity to 
be used with all cetacean species. This kit provides a low-cost 
technique to identify the LH surge in unprocessed cetacean 
urine, based on relative reaction of the sample line versus 
the control (Muraco et al. 2009, 2010; Robeck et al. 2009). 
The location of semen deposition is another factor influenc- 
ing the success of AI. For fresh liquid-stored semen, deposi- 
tion in the cervix has led to conception. For frozen—thawed 
semen (nonsorted and sex-sorted), deposition within the 
uterine body is required owing to the reduced longevity com- 
pared to fresh semen (Robeck et al. 2013). Although several 
AI attempts have been successful with the use of a speculum, 
semen placement is imprecise, and multiple inseminations 
are typically required within an estrous cycle. Instead, the use 
of a flexible endoscope is recommended; this allows for accu- 
rate placement of semen within the reproductive tract and 
only one insemination is needed. As with any endoscopic 
procedure, a thorough understanding of the reproductive 
anatomy should be attained prior to attempting an insemina- 
tion (Robeck et al. 2010, 2013). 


Artificial Insemination with Sex-Selected Sperm Fresh- 
chilled or cryopreserved sex-selected sperm is currently 
used to manage the sex ratio of bottlenose dolphins in sev- 
eral North American zoos in conjunction with AI (O’Brien 
and Robeck 2006). Sex preselected calves are born through 
the insemination of females with samples purified for X- or 
Y-chromosome bearing sperm, the populations of which are 
separated using a flow cytometric method that can distin- 
guish the difference in DNA content owing to the larger size 
of the X compared to the Y chromosome. Thirty calves from 
sex-selected (X chromosome-bearing) sperm have been born 
to date and 28 (93%) were female (Table 10.6). The integra- 
tion of sperm sexing technology into an AI program is not 
only useful for managing the sex ratio of social groups of the 
species in question, but also provides the capability to accel- 
erate recruitment rates and ensuing population growth, by 
preferentially selecting for females, an approach that would 
enhance conservation efforts of endangered species (for 
review, see O’Brien and Robeck 2010b). 
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Table 10.6 Cetaceans Produced from Artificial Insemination (Al) by the SeaWorld and Busch Gardens Reproductive Research Center 
and Collaborators (n = 51 across All Species), and Type of Sperm Processing Prior to Insemination 


Pacific White-Sided 


Dolphin Beluga 
Bottlenose Dolphin (Lagenorhynchus (Delphinapterus Killer Whale 
(Tursiops truncatus)? obliquidens)? leucas)* (Orcinus orca) 
Numbers of calves 
Fresh-chilled 2 - 1 2 
Frozen-thawed 6 5 2 3 
Sexed-fresh chilled 3 - - = 
Sexed-frozen thawed 26 - - - 
Frozen-thawed-sexed-frozen 1 = = = 
thawed 
Minimum effective intra-uterine 
dose 
(total progressive sperm x 10°) 
Fresh-chilled 1000 - 607 690 
Frozen thawed 270 266 525 1,289 
Sexed: 54 - - - 
Recommended insemination 28 hours post-start of 26 hours post-start of 32 hours post-initial 30 to 32 hours 
timing LH surge LH surge GnRH injection post-start of LH surge 


Ovulation timing 
post-insemination 


Fresh 0 to 24 hours 
Frozen-thawed 0 to 12 hours 
Sexed 0 to 8 hours 


0 to 12 hours 
0 to 8 hours 


0 to 8 hours 0 to 24 hours 
0 to 8 hours 0 to 8 hours 


Robeck et al. 2005b; O’Brien and Robeck 2006; Robeck et al. 2013. 


O’Brien et al. 2008; Robeck et al. 2010. 


a 

> Robeck et al. 2009. 

c 

4 Robeck et al. 2004; Robeck, unpubl. data. 


Because bottlenose dolphin sperm quality is well main- 
tained during liquid storage, semen can be collected, extended, 
cooled, and then shipped to a sex-sorting lab for processing 
and cryobanking. The ability of bottlenose dolphin sperm to 
withstand prolonged, chilled storage enables any zoological 
facility with these animals to have access to this technology. If 
a zoo is located more than 24 hours (in transport time) from the 
sex-sorting lab, a technique called reverse sorting is employed. 
This entails the use of previously cryopreserved semen for sex- 
sorting and sexed sperm are then refrozen for future use in AI 
(Montano et al. 2012). Post-thaw in vitro parameters of samples 
using the reverse sorting process, including DNA integrity in a 
large number of males, indicate good fertility potential; of four 
AI attempts with such samples, two females conceived and one 
bottlenose dolphin calf was born. The ability to use previously 
cryopreserved sperm for sex-sorting provides a means of sex- 
sorting semen from bottlenose dolphin males located anywhere 
in the world, provided that appropriate CITES (Convention on 
International Trade in Endangered Species) and quarantine 
permits can be obtained. It should be noted that the reverse 
sorting process is inefficient with regard to sperm recovery. 
Trials have shown that 95-97% of sperm in the original sam- 
ple are lost during the various steps required for processing. 


Although one or two frozen ejaculates may provide enough 
sperm for one AI dose of sex-sorted dolphin sperm, the high 
inefficiency of the process means that it is better suited for use 
with males from which high-quality ejaculates can be collected 
on a regular basis. 


Future Applications Although sperm cryobanking and AI 
technologies have been developed in a number of cetacean 
species, the potential of these reproductive tools to assist 
in the management of overall marine mammal population 
genetic diversity is yet to be fulfilled. As detailed in the previ- 
ous sections, zoological facilities need to make available the 
resources (both monetary- and time-based) for staff to per- 
form the activities necessary for successful reproductive man- 
agement of cetacean populations in their care. This includes, 
but is not limited to, capital equipment and lab supplies for 
hormone assays, gamete preservation (and associated quality 
control procedures including semen and extender osmolal- 
ity and microbial culture analysis), ultrasound, endoscopy, 
as well as staff education and specialized training. As rec- 
ognized for many decades by members of the zoologi- 
cal community, including governing organizations like the 
Association of Zoos and Aquariums (AZA), and the Alliance 
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of Marine Mammal Parks and Aquariums (AMMPA), the sus- 
tainability of ex situ cetaceans and pinnipeds (and a continu- 
ing role that they play in the conservation efforts of their wild 
counterparts) is threatened in many cases by ex situ popula- 
tions which are too small and/or too fragmented. A shift in 
budget planning by zoos to accommodate the integration of 
reproductive technologies such as AI and sperm cryobank- 
ing into standard husbandry management could enhance ani- 
mal welfare by reducing the need for animal transport (for 
breeding loans), and would simultaneously prevent the loss 
of precious genetic diversity. At the very least, routine moni- 
toring of reproductive cycles of all marine mammals held in 
managed care settings should become a standard husbandry 
practice. Assisted reproductive technologies are not intended 
to replace natural breeding, but for many species, continuing 
with natural breeding alone will not guarantee their long- 
term sustainability. In addition, the training tools and tech- 
nologies that have been developed in ex situ populations of 
cetaceans reviewed herein have provided an invaluable tem- 
plate for the development of these technologies to conserve 
threatened cetacean populations in the wild. For example, in 
the critically endangered Yangtze finless porpoise (Wang et 
al. 2013), extensive research efforts are being conducted to 
describe their basic reproductive biology with a goal of estab- 
lishing managed, semicaptive genetic reservoirs before fur- 
ther diversity is lost (Wang et al. 2005; Hao et al. 2007; Wang 
2009; Wu et al. 2010; Yu et al. 2016). This approach involves 
the collection and preservation of sperm from live or recently 
deceased males, followed by strategic infusion of gene diver- 
sity via AI between captive and wild groups to ensure species 
survival. Regardless of the species in question, investigations 
of a species’ biology need to start well before the threat of 
extinction is raised. The current extensive understanding of 
the reproductive biology of the killer whale, for example, is 
based on longitudinal sampling for research spanning more 
than 25 years, yet there remain many knowledge gaps for 
applying this information to wild species conservation. These 
include the validation of fecal reproductive hormone assays 
for noninvasive monitoring of reproductive health in free- 
ranging killer whales, which have been developed for sev- 
eral other marine mammal species. The studies described in 
this chapter are examples of research areas that, if successful, 
have implications for conservation efforts with many marine 
mammal species. 
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Introduction 


The essential function of the mammalian immune system is to 
protect against infectious diseases, which may be caused by 
invading parasites, viruses, bacteria, or other microorganisms, 
and also to respond to aberrant macromolecules such as can- 
cerous cells (Owen et al. 2013). Immune system monitoring 
and functional immunological assays have increasing roles 
in marine mammal medicine. Collectively, they can assess 
disease (infectious and noninfectious) in individual managed- 
care animals, monitor the health of stranded animals during 
their rehabilitation, and measure the health of wild popula- 
tions, especially with regard to contaminant/pollutant expo- 
sure (e.g., oil spill exposure, harmful algal bloom biotoxin 
exposure) or disease outbreaks (e.g., morbillivirus, influenza A 
virus). This chapter begins by reviewing advances in marine 
mammal immunology and functional immune assays and 
concludes with consideration of future needs in the field. 


The Marine Mammal Immune System 


To date, clinical and experimental evidence support the notion 
that the marine mammal immune system shares the major 
identified components that have been described in detail for 
key terrestrial mammalian species. However, marine mam- 
mals possess some notable immunological features that may 
reflect the adaptations required for survival and function in 
the aquatic environment (Romano, Ridgway, and Quaranta 
1992; Romano et al. 1993, 1999, 2002; Cowan and Smith 1995, 
1999). For example, bottlenose dolphins (Zursiops truncatus) 
possess “anal tonsils,” a complex of lymphoepithelial tissues 
located before the external opening of the anal canal (Cowan 
and Smith 1995), which has been suggested to be involved in 
antigen presentation of foreign material due to rectal water 
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reflux during diving (Beineke et al. 2010). These adaptions 
may, in turn, reflect the spectrum of microbial pathogens 
that inhabit marine ecosystems or may comprise homeostatic 
mechanisms that maintain immune function despite physi- 
ological extremes, such as hypoxia, hyperbaric pressures, or 
cold temperatures, which have been shown to be immuno- 
suppressive in other species (Shinomiya et al. 1994; Knowles 
et al. 1996; Shephard and Shek 1998; Brenner, Shephard, and 
Shek 1999). 

Research over the decades has revealed few differences 
between the immune system of marine and more highly stud- 
ied terrestrial mammals, such that much of our understanding 
of marine mammals comes from rodent and human immunol- 
ogy. Overall, the immune system is comprised of a complex 
network of tissues, cells, and molecules that work in a con- 
certed effort to resist infections (Figure 11.1). The immune 
response to invading pathogens consists of two separate but 
interconnected functional systems, innate/nonspecific immu- 
nity and adaptive/specific immunity. The most important dif- 
ferences between the arms of the immune system are the 
specificity and memory response of adaptive immunity. 


Epithelial 
barriers 


There are three major portals by which an invading patho- 
gen can enter the host, namely, via a mucosal surface (respira- 
tory tract, gastrointestinal tract, urogenital), through the skin, 
or by direct inoculation into the bloodstream. The innate arm 
provides the first line of defense against pathogens and anti- 
genic stimuli and consists of anatomical (skin), physiological 
(change in pH and temperature), immunological effector cell 
(e.g., neutrophils, eosinophils, macrophages, and natural killer 
[NK] cells), and antimicrobial (e.g., complement, lysozyme, lac- 
toferrin, defensins, and reactive oxygen and nitrogen interme- 
diates) barriers, which block the entrance and establishment 
of infectious agents (Owen et al. 2013). These responses are 
rapid, ranging from minutes to a few days, are nonspecific, 
and require no previous encounter with the agent. 

If the innate immune system is unable to effectively com- 
bat the pathogen, an acquired immune response will be 
mounted. This arm of the immune system is antigen spe- 
cific, possesses immunological memory, and can distinguish 
between self and nonself. Immunological memory refers to 
the ability of the immune system to respond more rapidly 
and effectively to pathogens that have been encountered 
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Figure 11.1 Cells and molecules of the mammalian innate and adaptive immune system. The function of the immune system is to combat invading 
pathogens or cancerous cells, and this functionality relies on the interaction of a number of innate and adaptive cells and secreted proteins. (Reprinted 
from Desforges, J. P. et al., Immunotoxic effects of environmental pollutants in marine mammals, Environ Int 86: 126-139, 2016. With permission.) 


Marine Mammal Immunology 211 


previously and prevents them from causing disease (Murphy 
et al. 2012), and is the basis for protection induced by vac- 
cines. Acquired immunity can be further divided into cell- 
mediated and humoral responses. Cell-mediated responses 
involve different T cell subsets (helper, cytotoxic, and regula- 
tory cells) and mediate cellular immunity via interactions with 
antigen-presenting cells (e.g., macrophages, dendritic cells). 
Humoral immune responses are mediated by B cells (plasma 
cells) and their secreted antibodies, which act against extra- 
cellular pathogens. 

The trigger for the adaptive immune response is anti- 
gen presentation and takes place predominantly in organized 
lymphoid tissues, including mucosal-associated lymphoid tis- 
sue, regional lymph nodes, and the spleen. These sites pro- 
vide the organized microenvironment in which the intricate 
events of the adaptive immune response are closely coordi- 
nated. At these lymphoid sites, pathogens are trapped and 
engulfed by phagocytic cells. Some of the lymphoid cells 
are specialized for processing microbial antigens into small 
peptides and presenting these peptides in association with 
highly polymorphic glycoproteins, called major histocompat- 
ibility (MHC) proteins, on their cell surface. The ability of 
the immune system to recognize and respond to such a vast 
array of foreign proteins is determined to a large degree by 
the number and structural diversity of the MHC molecules 
present in an individual. The immunogenic peptides of the 
invading pathogens bound to the cell surface MHC molecules 
are recognized by the highly specific receptors of T helper 
lymphocytes, which, by specific patterns of cytokine secre- 
tion (further discussed below), can further direct the proper 
immune response, including B lymphocyte expansion and 
antibody production (humoral immunity), activation of mac- 
rophages (delayed-type hypersensitivity), and expansion and 
activation of cytotoxic T lymphocytes and natural killer (NK) 
cells. 


Characterization of the Immune 
Organs, Cells, and Protein Mediators 


Immune Organs 


Marine mammals possess primary immune organs, which are 
sites of immune cell maturation (e.g., marrow, thymus), and 
secondary immune organs, sites of mature immune cell inter- 
actions with antigen such as the spleen, lymph nodes, and 
mucosal-associated lymphoid tissue (MALT). Macroscopic and 
microscopic investigation of immune organs from cetaceans, 
pinnipeds, polar bears (Ursus maritimus), and manatees/ 
dugong revealed similar tissue distribution and organiza- 
tion to that of terrestrial mammals as previously summarized 
(Beineke et al. 2010). However, marine mammals have some 
notable differences in immune organ morphology likely 
related to their aquatic environment, such as cetacean anal 
tonsils (mentioned above; Cowan and Smith 1995) and the 


mesenteric lymphoid mass (Romano et al. 1993), formerly 
referred to as “Asselli’s pseudopancreas” (Pilleri and Arvy 
1971). Table 11.1 provides a list of immune organs described 
in marine mammals. 


Immune Cells 


Immune cells are the key cells involved in protecting the 
body against both infectious disease and foreign invaders. 
Hematopoiesis involves the formation of blood immune 
cells from lymphoid and myeloid stem cells. The process of 
hematopoiesis is likely similar to that of terrestrial mammals. 
Hematopoiesis was examined from the bone marrow mono- 
nuclear cells (BMMC) derived from the humeral bone of a 
bottlenose dolphin (Segawa et al. 2011). A colony forming 
unit assay showed that dolphin BMMC possessed vigorous 
colony forming ability, and the proliferation of hematopoietic 
progenitor cells resulted in the formation of three types of 
colonies, containing neutrophils, monocytes/macrophages, 
and eosinophils with or without megakaryocytes, all of which 
could be identified based on the morphological characteristics 
and gene expression profiles typically associated with hema- 
topoietic markers. Marine mammal peripheral blood immune 
cells (e.g., neutrophils, lymphocytes, eosinophils, monocytes) 
and tissue resident immune cells (e.g., dendritic, lymphocytes, 
macrophages) were first characterized by their morphol- 
ogy. Antibodies have been used to confirm cell identity/ 
characteristics and to differentiate subsets of cells with similar 
morphology, first in tissue sections (using fluorescence micros- 
copy or immunoperoxidase) and then on single cell suspen- 
sion. These antibodies include cross-reactive (e.g., anti-human, 
anti-bovine) and species-specific monoclonal and polyclonal 
antibodies against cell surface antigens, including various clus- 
ter of differentiation (CD) markers, major histocompatibility 
complex (MH©), and other intracellular and surface proteins. 
Table 11.2 provides a list of blood and tissue immune cells 
described in marine mammals. 


Immunoglobulins 


Immunoglobulins (1g), also known as antibodies (Ab), are 
glycoprotein molecules produced by plasma cells, which are 
differentiated B lymphocytes that produce a single type of 
antibody, and are important in the humoral immune response. 
Immunoglobulins are a critical part of the immune response 
by specifically recognizing and binding to particular antigens, 
such as bacteria or viruses, and aiding in their destruction. 
Antibodies can have a soluble form that is secreted from B lym- 
phocytes and found in the blood plasma, or as a membrane- 
bound form that is attached to the surface of a B cell, referred 
to as the B cell receptor (BCR; Owen et al. 2013). Antibodies 
can exist as different classes, or isotypes, and are defined 
by the different types of heavy chains they contain, such 
as alpha UgA), gamma (IgG), and mu (IgM). IgA is typically 
found at mucosal sites (gut, respiratory tract) to help prevent 
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Table 11.1. Macroscopic and Microscopic Description of Marine Mammal Immune Organs 


Species 


Amazon River dolphin (/nia geoffrensis) 
Beluga (Delphinapterus leucas) 


Blue whale (Balaenoptera musculus) 
Bottlenose dolphin (7ursiops truncatus) 


Clymene dolphin (Stenella clymene) 
Fin whale (Balaenoptera physalus) 
Guiana dolphin (Sotalia guianensis) 
Harbor porpoise (Phocoena phocoena) 


Melon-headed whale (Peponocephala electra) 
Pacific bottlenose dolphin (Tursiops truncatus 


gilli) 

Risso’s dolphin (Grampus griseus) 
Short-finned pilot whale (Globicephala 
macrorhynchus) 


Spinner dolphin (Stenella longirostris) 


Striped dolphin (Stenella coeruleoalba) 
Tucuxi (Sotalia fluviatilis) 


Baikal seal (Pusa sibirica) 


Cape Fur seal (Arctocephalus pusillus) 
Gray seal (Halichoerus grypus) 
Harbor seal (Phoca vitulina) 


Polar bear (Ursus maritimus) 


Immune Organ 
Cetacean 
Lymph nodes 
Lymph nodes 


Spleen 

Thymus 

Spleen 

Lymphoid organs 


Lymph nodes 
Spleen 
Lymph nodes 
Spleen 
Lymph nodes 
Spleen 


Spleen 
Spleen 


Lymph nodes 
Lymph nodes 
Lymph nodes 
Lymph nodes 


Pinniped 
Lymph nodes 


Spleen 
Spleen 
Lymph nodes 
Lymph nodes 


Polar Bear 
Lymph nodes, spleen, 
thymus 


Reference 


De Olivera e Silva et al. 2014 

Romano et al. 1993 

Romano et al. 1994 

Cowan and Smith 1999 

Romano et al. 1993 

Romano et al. 1993; Cowan 1994 

Zwillenberg 1958 

Moskov, Schiwatschewa, and Boney 
1969 

Cowan and Smith 1995 

Cowan and Smith 1999 

Vukovic et al. 2005 

De Oliveira e Silva et al. 2014 

Zwillenberg 1958 

De Oliveira e Silva et al. 2014 

Zwillenberg 1959 

De Oliveira e Silva et al. 2014 

Nakamine et al. 1992 

Nakamine et al. 1992 


Tanaka 1994 
De Oliveira e Silva et al. 2014 


De Oliveira e Silva et al. 2014 
Vukovic et al. 2005 

De Oliveira e Silva et al. 2014 
De Oliveira e Silva et al. 2014 


Kutyrev, Lamazhapova, and 
Zhamsaranova 

Pronina 2006 

Stewardson et al. 1999 

Welsch et al. 1997 

Welsch et al. 1997 


Kirkegaard et al. 2005 


Manatee and Dugong 
Lymph nodes, thymus 
MALT, spleen, thymus 


Cave and Aumonier 1967 
Reynolds and Rommel 1996 
McGee 2012 


Dugong (Dugong dugon) 
West Indian manatee (Trichechus manatus) 


the colonization of pathogens. IgG provides the majority of Importantly, antibodies form the foundation of many immu- 
antibody-based immunity against invading pathogens and can _ nodiagnostic assays, such as the enzyme-linked immunosor- 
cross the placenta to provide passive immunity to the fetus. bent assay (ELISA), a plate-based assay technique designed 
IgM helps eliminate pathogens in the early stages of humoral for detecting and quantifying substances such as peptides, 
immunity before there are sufficient IgG concentrations. proteins, hormones, and other antibodies. Antibodies are 
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Immune Cell and Surface Markers Identified on Marine Mammal Immune Cells 


Immune Cell 
T lymphocytes 


Neutrophils and 
Monocytes 


B lymphocytes 


Dendritic cell 


Langerhans cells 


Macrophage 


Neutrophils 


Marker Identified 
CD2 


CD4 


CD45R 

TCR gamma delta 
MHC Class | 
MHC Class II 


Beta 2 integrin 


CD19 


cD21 


MHC Class II 


Toll-like receptor 2 


Macrophage scavenger 
receptor 

Macrophage scavenger 
receptor 

MHC Class II 

Not specified 


Species 
Beluga whale (Delphinapterus leucas) 
Common dolphin (Delphinus delphis) 
Bottlenose dolphin (7ursiops truncatus) 
Beluga whale (De/lphinapterus leucas) 


Killer whale (Orcinus orca) 

Beluga whale (Delphinapterus leucas) 
Beluga whale (Delphinapterus leucas) 
Beluga whale (Delphinapterus leucas) 
Bottlenose dolphin (7ursiops truncatus) 


Indo-Pacific humpback dolphin (Sousa 
chinensis) 


Killer whale (Orcinus orca) 

Common dolphin (Delphinus delphis) 
Bottlenose dolphin (T7ursiops truncatus) 
Common dolphin (Delphinus delphis) 


Bottlenose dolphin (T7ursiops truncatus) 


Bottlenose dolphin (T7ursiops truncatus) 


Striped dolphin (Stenella coeruleoalba) 


Short-finned pilot whale (Globicephala 
macrorhynchus) 
Risso’s dolphin (Grampus griseus) 


Striped dolphin (Stenella coeruleoalba) 
Bottlenose dolphin (T7ursiops truncatus) 


Reference 
De Guise et al. 1997 
De Guise et al. 2002 
De Guise et al. 2002 
De Guise et al. 1997 
Romano et al. 1999 
De Guise et al. 1998 
De Guise et al. 1997 
De Guise et al. 1997 
De Guise et al. 1997 
Romano, Ridgway, and 

Quaranta 1992 

Zhang et al. 2016 


De Guise et al. 2004 


De Guise et al. 2002 
De Guise et al. 2002 
De Guise et al. 2002 
De Guise et al. 2002 


Zabka and Romano 2003 


Lauriano et al. 2014 


Kawashima et al. 2004 


Kawashima et al. 2004 


Jaber et al. 2003 
Kato et al. 2009 


also used in serum/virus neutralization tests (SNT/VNT), an 
in vitro assay that estimates the amount of pathogen-specific 
antibody that neutralizes the replication and subsequent cyto- 
pathic effect of a defined dose of virus. 

IgG, IgM, and IgA have been purified and quantified in 
plasma, as well as have had their genes and/or amino acids 
partially sequenced, in several species of marine mammals, 
and Table 11.3 provides a list of immunoglobulins described 
in marine mammals. 


Acute-Phase Proteins 


Acute-phase proteins (APPs) are a class of proteins— 
predominantly produced by the liver—whose plasma concen- 
trations increase (positive acute-phase proteins) or decrease 
(negative acute-phase proteins) in response to inflammation. 


APPs are considered to be nonspecific innate immune com- 
ponents involved in the restoration of homeostasis and help 
restrain microbial growth before an animal can develop 
acquired immunity to a challenge (Murata, Shimada, and 
Yoshioka 2004). The circulating concentration and compo- 
sition of APPs can be related to the severity and cause of 
the disorder and the extent of tissue damage in the affected 
animal. Examples of APPs include C-reactive protein (CRP), 
haptoglobin (Hp), serum amyloid A (SAA), and serum amyloid 
P (SAP) and have been used as markers for inflammation and 
stress in veterinary medicine (Murata, Shimada, and Yoshioka 
2004). For example, Hp and SAA were shown to be a valuable 
biomarker for inflammation and infection in manatees (see 
Chapter 43) in both the wild and rehabilitation setting (Harr 
et al. 2006; Cray et al. 2013b). Table 11.4 provides a list of 
APPs described in marine mammals. 
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Table 11.3 Marine Mammal Immunoglobulins (Ig) 


Immunglobulin 


Heavy and light lg 


Reference 


Travis and Sanders 1972a,b 


Nollens et al. 2007 


Species 
Cetacean 
Humpback whale (Megaptera novaeangliae) 
chains 
Bottlenose dolphin (7ursiops truncatus) IgA, IgG 


Fin whale (Balaenoptera physalus) 


chains 
Fin whale (Balaenoptera physalus) IgG 
Killer whale (Orcinus orca) IgG 
Minke whale (Balaenoptera acutorostrata) IgG 


Sei whale (Ba/aenoptera borealis) 


Heavy and light lg 


Heavy and light lg 


Mancia et al. 2007 
Ruiz et al. 2009 
Travis and Sanders 1972a,b 


Andresdottir et al. 1987 
Andresdottir et al. 1987 
Taylor et al. 2002 
Andresdottir et al. 1987 
Travis and Sanders 1972a,b 


chains 
Pinniped 
Northern fur seal (Callorhinus ursinus) IgG, IgM, IgA Cavagnolo and Vedros 1978, 1979 
Gray seal (Haliocherus grypus) IgG, IgM King et al. 1994 
Harbor seal (Phoca vitulina) IgG, IgM King et al. 1994 
Frouin et al. 2013 
Manatee 
West Indian manatee (Trichechus manatus) IgG McGee 2012 
Polar Bear 
Polar bear (Ursus maritimus) IgG Lie et al. 2004 


Complement 


The complement system is a part of the innate immune sys- 
tem that enhances (.e., complements) the ability of antibodies 
and phagocytic cells to clear microbes and damaged cells. 
The complement system, usually referred to as the comple- 
ment cascade, consists of a number of small proteins (usually 
synthesized by the liver) found in the blood and normally 
circulating as inactive precursors (pro-proteins). The comple- 
ment system can be activated by the classical pathway, the 
alternative pathway, or the lectin pathway (Owen et al. 2013). 
The classical pathway is triggered by the activation of the 
Cl-complex, when Clq binds to IgM or IgG complexed with 
antigens. The alternate pathway is triggered when the C3b 
protein directly binds a microbe. The lectin pathway is trig- 
gered when mannose-binding lectin (MBL) binds to certain 
sugars (e.g., mannose, glucose) on microorganisms. 

These pathways have been rarely evaluated in marine 
mammals. In one early study, complement activity was 
found to exist in harbor porpoises (Phocoena phocoena; 
Luk’yanenko 1966). In a more current study, bottlenose dol- 
phins were found to possess a classical and alternate com- 
plement system with functional activity similar to terrestrial 
mammals. However, in the same study, it was found that 
dolphins lacked factor XII (Hageman factor), an important 


activator of inflammation (Stumpff, Fenwick, and Schroeder 
1992). There appears to be increasing interest in assessing the 
marine mammal complement system, especially in light of its 
potential role in diving-related injuries in marine mammals 
(Thompson and Romano 2016). 


Cytokines 


The initiation, maintenance, and amplification of the immune 
response are regulated by protein mediators called cytokines. 
Cytokines are the soluble messengers of the immune system 
and have the capacity to regulate many different cells in an 
autocrine, paracrine, and endocrine fashion. These include 
interferons, interleukins, and growth factors that are secreted 
by cells (e.g., lymphocytes, macrophages) of the immune sys- 
tem and have an effect on other cells. Cytokine functions can 
be subdivided into several broad categories, including lym- 
phocyte proliferation and differentiation, lymphoid develop- 
ment, cell trafficking, and inflammation (Scheerlinck and Yen 
2005). Importantly, cytokines can have functions that belong 
to more than one category. 

Commonly, cytokines are divided into proinflam- 
matory and anti-inflammatory groups (Owen et al. 2013; 
Table 11.5). Proinflammatory cytokines, secreted in the 
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Table 11.4 Marine Mammal Acute-Phase Proteins (APPs) 


Species 


Bottlenose dolphin (7ursiops truncatus) 


Harbor porpoise (Phocoena phocoena) 


Harbor seal (Phoca vitulina) 


Steller sea lion (Eumetopias jubatus) 


Ringed seal (Pusa hispida) 


West Indian manatee (Trichechus manatus 


latirostris) 


Acute-Phase Protein 


Cetacean 
C-reactive protein, haptoglobin, serum 
amyloid A 
Haptoglobin 
Serum amyloid A 


C-reactive protein, haptoglobin 


Pinniped 
C-reactive protein, haptoglobin 


Haptoglobin 


Haptoglobin 


Manatee 


C-reactive protein, haptoglobin, serum 
amyloid A 


Reference 


Cray et al. 2013a 


Segawa et al. 2013a 
Segawa et al. 2013c 


Fonfara et al. 2007 
Muller et al. 2013 


Zenteno-Savin et al. 1997 
Funke et al. 1997 

Fonfara et al. 2008 
Rosenfeld, Lassen, and 


Prange 2009 
Kakuschke et al. 2010 
Frouin et al. 2013 
Zenteno-Savin et al. 1997 
Rosenfeld, Lassen, and 
Prange 2009 


Harr et al. 2006 


Cray et al. 2013b 


Table 11.5 Examples of Select Cytokines and Their Roles in an Immune Response 


Proinflammatory Anti-Inflammatory 


Cytokines Secreted by T 


Cytokines Secreted by T 


Cytokine Cytokines Cytokines Helper 1 Helper 2 

Secreted at the beginning of Secreted to dampen an Help combat intracellular Help combat extracellular 

an immune response; inflammatory response pathogens (e.g., viruses) pathogens (e.g., bacteria) 
produce fever, inflammation, 
tissue destruction, and, in 
some cases, shock and 
death 

IL-1 X 
IL-2 X xX 
IL-4 X X 
IL-6 XxX 
IL-8 X 
IL-10 X X 
TNFa X Xx 
IFNy X X 


beginning of an immune response, include interleukin (IL)- 
1, IL-6, IL-8, and tumor necrosis factor (TNF), and are pro- 
duced predominantly by macrophages, monocytes, and T 
helper 1 (Th) lymphocytes. Anti-inflammatory cytokines, 
secreted to dampen an inflammatory response, include IL-4, 


IL-10, and are secreted predominately by T helper 2 (Th2) 
lymphocytes. Cytokines can also be used to define the direc- 
tion of an immune response orchestrated by T helper (Th) 
cells (Kuby 2012; Table 11.5). Th1 cells secrete interferon 
gamma (IFNy), IL-2, and TNF, which stimulate cell-mediated 
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Table 11.6 Cytokines Characterized and/or Measured in Marine Mammals 


Species Cytokine Reference 
Cetacean 
Bottlenose dolphin (Tursiops truncatus) IL-10 Segawa et al. 2013b 
IL-1, IL-1B Inoue et al. 1999c 
IFNy Inoue et al. 1999a 
IL-4 Inoue et al. 1999b 
TNFa Shoji et al. 2001 
Killer whale (Orcinus orca) IL-6 King et al. 1996 
IL-6 Funke et al. 2003 
Beluga whale (Delphinapterus leucas) IL-6 St-Laurent and Archambault 2000 
IL-2 St-Laurent, Beliveau, and 
Archambault 1999 
IL-1B Denis and Archambault 2001 
TNFa Denis and Archambault 2001 
Harbor porpoise (Phocoena phocoena) ILs-2, 4, 6, 10, TNFa, TGFB Beineke et al. 2004 
Pinniped 
Harbor seal (Phoca vitulina) IL-1b, -2, -4, -6, -8, -10, -12, Fonfara et al. 2008 
IFNy, TGF 
IL-6 King et al. 1993 
IL-1 King et al. 1995 
IL-6 King et al. 1996 
IL-2 Weirup et al. 2013 
Gray seal (Halichoerus grypus) IL-6 King et al. 1993 
IL-1 King et al. 1995 
IL-2 St-Laurent, Beliveau, and 
Archambault 1999 
Lehnert et al. 2014 
Northern elephant seal (Mirounga IL-2 Shoda, Brown, and Rice-Ficht 1998 
angustirostris) 
Manatee 
West Indian manatee (Trichechus IL-2 Cashman et al. 1996 


manatus latirostris) 


immunity to help combat intracellular pathogens (e.g., 
viruses), whereas Th2 cells produce IL-4, IL-10, IL-6, and 
IL-13, which inhibit cell-mediated (Th1) immunity and pro- 
mote humoral (.e., antibody-mediated) immune responses 
to help combat extracellular pathogens (e.g., extracellular 
bacteria, parasites). 

Cytokines have been characterized in marine mammals at 
the sequence (cDNA), expression (mRNA), activity (via biolog- 
ical assay), and protein levels (Table 11.6). Cytokine mRNA 
sequences for different cetacean species have been published 
in the National Center for Biotechnology Information (NCBD 
gene bank, as previously reported (Beineke et al. 2010). In 
addition to measuring cytokines, limited reports describe 
cytokine receptors, cell surface glycoproteins that bind cyto- 
kines and initiate a cell-signaling pathway. For example, an 
assay to assess the expression of the IL-2 receptor was devel- 
oped for bottlenose dolphins (Erickson et al. 1995), as well as 
the characterization of the IL-2 receptors on peripheral blood 
mononuclear cells (PBMCs) in manatees (Sweat et al. 2005). 


Characterization and Quantification 
of Immune Functions 


Efforts expended in the health monitoring of managed-care, 
wild populations and during the rehabilitation of stranded 
marine mammals are considerable, especially in terms of 
limited financial resources, personnel, and housing. Limited 
diagnostic and prognostic tools are available that may bet- 
ter assess the health of an individual. A suite of functional 
immune assays, representative of different aspects of the 
innate and adaptive immune system, may be useful to reveal 
subclinical signs of inflammation or evidence for immune 
response to a pathogen, which may not be identified dur- 
ing a regular medical evaluation (e.g., physical examina- 
tion, hematology, serum chemistry, and bacterial cultures). 
Quantifying immune functions goes beyond routine blood 
work (e.g., complete blood count, serum chemistry) in the 
medical assessment of an individual. These assays focus on 
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measuring the function of an immune cell, not just whether 
the cell is present (or not) in a routine cell count. 

Functional immune assays have been modified, devel- 
oped, modified, and/or optimized to assess and quantify sev- 
eral key innate and adaptive immune functions. Many of these 
assays were developed for laboratory animals and have been 
adapted for use in marine mammals. It is important to keep 
in mind that in marine mammals, ethical and logistic con- 
straints limit the use of other determinants of the functionality 
of the immune response such as testing host resistance upon 
experimental challenge with a pathogen. Importantly, assays 
developed for use in marine mammals can be performed with 
whole blood, which can be obtained with routine and mini- 
mally invasive techniques, from both managed-care and wild 
(restrained) individuals. The following sections will describe 
innate and adaptive immune functions and assays for use in 
marine mammals. 


Innate 


Phagocytosis Phagocytosis is the principal effector mecha- 
nism for the ultimate disposal of invading, foreign, or oth- 
erwise unwanted cells or particles (Van Oss 1986). Upon 
interaction of the particle and surface receptors on the phago- 
cyte, phagocytosis is initiated, leading to internalization of the 
particle in a phagosome (Allen and Aderem 1996). Through 
a series of fusion events with lysosomes, phagosomes mature 
into phagolysosomes, the site of particle destruction involv- 
ing the respiratory burst (described below). Neutrophils are 
the most important circulating phagocyte, providing the first 
line of defense against invading particles, especially bacte- 
ria. Circulating monocytes, precursors to tissue macrophages, 
also have the ability to phagocytize. A suppression in a cell’s 
phagocytic ability can lead to increased bacterial or fungal 
infections, since cells cannot take up, process, or destroy 
microorganisms (Owen et al. 2013). 

Assays have been developed and optimized to measure 
phagocytosis in beluga whales (Delphinapterus leucas,; De 
Guise et al. 1995) and bottlenose dolphins (Noda et al. 2003; 
Keogh et al. 2011) and have been adapted to measure phago- 
cytosis in several cetacean and pinniped species (Levin et al. 
2005b, 2010; Mos et al. 2006). 

One common method to measure and quantify phago- 
cytosis is with flow cytometry. The use of flow cytometry 
allows one to differentiate leukocyte subpopulations with- 
out the need for any species-specific reagents. Figure 11.2 
demonstrates the differences in relative size (forward scatter, 
FSC) and complexity (side scatter, SSC) of the different leu- 
kocytes from a beluga. Lymphocytes (R3) are relatively small 
and not very complex cells, while monocytes (R2) are larger 
and increase in complexity, and granulocytes (mainly neu- 
trophils, R1) are the most complex, or granular, cells. These 
light-scattering characteristics allow for the simultaneous 
evaluation of a particular immune function in the different 


800 


Figure 11.2 Representative flow cytometric scatterplot of beluga whale 
leukocyte subpopulations, where each dot represents an individual 
event, or cell, based on its forward (FSC, relative size) and side scatter 
(SSC, relative complexity) light-scattering characteristics. Gates, or 
graphical boundaries, can be drawn around the different subpopulations 
for further analysis. R1 includes neutrophils, R2 includes monocytes, and 
R3 includes lymphocytes. 


cell subpopulations without having to isolate and separate 
them physically. Flow cytometry also allows the measurement 
of a large number of cells in a very short period of time, 
approximately 500 cells per second. 

Phagocytosis has been evaluated by incubation of periph- 
eral blood leukocytes with fluorescent latex beads (De Guise 
et al. 1995; Levin et al. 2005b) or labeled bacteria (Keogh et al. 
2011). Phagocytosis was measured by flow cytometry as the 
increase in fluorescence of each cell that was proportional 
to the number of beads or bacteria it had phagocytized. A 
representative example of beluga whale phagocytosis using 
fluorescent latex beads is shown in Figure 11.3. The cells 
that phagocytized acquired fluorescence (x-axis) equal to the 
number of fluorescent beads they engulfed. Phagocytosis can 
be evaluated as the proportion of cells that phagocytize a 
minimum number of beads G.e., one or more, two or more, or 
three or more beads), as shown by the marker in Figure 11.3. 


Respiratory Burst The respiratory burst is the principal 
effector mechanism for the production of reactive oxygen 
species (ROS) used to kill internalized pathogens following 
phagocytosis. The respiratory burst generates ROSs by an 
oxygen-dependent process in which membrane-bound (e.g., 
plasma membrane of the phagolysosome) NADPH oxidases 
catalyze the reduction of molecular oxygen to the reactive 
oxygen intermediate, superoxide (O,; Dahlgren and Karlsson 
1999; Roos, Van Bruggen, and Meischl 2003). Superoxide dis- 
mutase (SOD) can convert the superoxide anion into hydrogen 
peroxide (H,O,), followed by either production of hypochlo- 
rous acid in a reaction catalyzed by myeloperoxidase (MPO) 
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Figure 11.3 Representative fluorescence histogram of beluga whale 
neutrophils (R1 from Figure 11.2) after phagocytosis of fluorescent 
beads. Free beads were used as reference (single beads were assigned 
the fluorescence of 10'). Cells that phagocytized one bead acquired 

the fluorescence of one bead, while cells that phagocytized two beads 
acquired the fluorescence of two beads, and so forth. M1 represents the 
percentage of neutrophils that engulfed one or more beads, M2 repre- 
sents the percentage of neutrophils that engulfed two or more beads, 
and M3 represents the percentage of neutrophils that engulfed three or 
more beads. 


or production of water catalyzed by catalase. These reactive 
species are very effective in killing phagocytized microor- 
ganisms. Professional phagocytes (neutrophils, monocytes, 
and macrophages) are the most effective cells to generate the 
respiratory burst. 

Assays have been developed to measure respiratory burst 
in beluga whales (De Guise et al. 1995) and bottlenose dol- 
phins (Shiraishi et al. 2002; Keogh et al. 2011) and have been 
adapted to measure respiratory burst in several cetacean and 
pinniped species (Levin, Morsey, and De Guise 2007; Frouin 
et al. 2013). Respiratory burst can be measured by labeling 
peripheral blood leukocytes with a nonfluorescent probe 
(dichlorofluorescein diacetate, DCFDA), which is cleaved and 
becomes fluorescent upon the production of H,O, (De Guise 
et al. 1995; Levin, Morsey, and De Guise 2007). Once labeled, 
cells are stimulated with phorbol myristate acetate (PMA), 
and the production of peroxides indirectly measured by the 
increase of fluorescence of the cells, which is measured by 
flow cytometry. A representative histogram of the respiratory 
burst evaluated in a beluga whale is shown in Figure 11.4. 
Respiratory burst can be evaluated as the ratio of the mean 
fluorescence of PMA-stimulated cells to that of the mean fluo- 
rescence of the unstimulated cells (without PMA). 


Natural Killer (NK) Cell Activity Natural killer (NK) cell 
activity is the principlal effector mechanism used to kill 
tumor cells and virus-infected cells in the early phase of an 
infection. NK cells represent a heterogeneous population of 


Figure 11.4 Representative fluorescence histogram of unstimulated 
(left peak, solid line) and PMA-stimulated (right peak, dotted line) beluga 
whale neutrophils (R1 from Figure 11.2). PMA-stimulated neutrophils 
induce the production of hydrogen peroxide, cleaving the profluorescent 
DCFDA probe into its fluorescence form, DCF, indicated as a shift to the 
right on the FL1 axis. 


CD3-negative, T cell receptor—negative, large granular lym- 
phocytes that commonly express surface markers such as 
CD16 and CD56 in humans (O’Shea and Ortaldo 1992). NK 
cell cytotoxicity is regulated by a complex balance between 
activating signals (delivered by non—MHC-class-I-specific trig- 
gering receptors) and inhibitory signals (delivered by MHC- 
class-I-specific receptors; Moretta et al. 2003; Moretta and 
Moretta 2004). NK cells can kill target cells by releasing small 
granzymes (e.g., perforins and proteases) into the cytoplasm 
of a target cell in close proximity. Perforins form pores in the 
cell membrane of the target cell, creating an aqueous channel 
through which the granzymes and associated molecules can 
enter, inducing either apoptosis or osmotic cell lysis. 

Assays have been developed to measure NK cell activity 
in belugas (De Guise et al. 1997) and harbor seals (Phoca vit- 
ulina; Ross et al. 1996a). NK cell activity can be measured as 
the killing of target cells by the NK cells (effector cells) com- 
prised in the host’s PBMCS upon in vitro culture. Generally, 
cetacean NK cells are most effective at killing K-562 target 
cells, a human erythroleukemic cell line (De Guise et al. 
1997); whereas pinniped NK cells are most effective at kill- 
ing YAC-1 target cells, a murine lymphoma cell line (Ross 
et al. 1996a). Target cells can be labeled with a lipophilic 
membrane dye, 3,3’-dioctadecyloxarbocyanine perchlorate 
(DiO), to help distinguish them from NK cells when measur- 
ing NK cell activity using flow cytometry (De Guise et al. 
1997). Alternatively, target cells can be labeled with radioac- 
tive Cr when measuring NK cell activity using a scintilla- 
tion counter (De Guise et al. 1997). After incubation with 
increasing effector—target (E-T) ratios (e.g., 25:1, 50:1, 100:1), 
cytotoxicity is evaluated using two-color flow cytometry or 
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Figure 11.5 Representative quadrant scatterplot of bottlenose dolphin 
PBMCs and K-562 target cells to assess NK cell activity. The dual 
fluorescence scatterplot (FL1 vs. FL3) allows one to gate electronically, 
based on their fluorescence, on live dolphin PBMCs (lower left quadrant) 
and live DiO-labeled K-562 cells (lower right quadrant). With the addition 
of propidium iodide, a fluorescent agent used to label DNA in dead cells, 
dead target K-562 cells (upper right quadrant) can be distinguished. The 
upper left quadrant includes dead dolphin PBMCs. 


assessed by measuring the radioactivity in the free medium. 
With flow cytometry, quadrant plots (using flow cytometry 
software) divide two-parameter plots into four sections to 
distinguish populations that are considered negative, single 
positive, or double positive. The more intense fluorescence 
in FL1 (x-axis) of DiO-labeled target cells allows one to dis- 
tinguish them from the effector cells, while the more intense 
fluorescence in FL2 (y-axis) of the propidium iodide (PD- 
labeled dead cells allows one to distinguish them from live 
cells (Figure 11.5). The percentage of target cells that were 
killed during the assay is calculated as follows: (number 
of cells in the upper right quadrant/number of cells in the 
upper + lower right quadrants). 


Adaptive 


Lymphocyte Proliferation Lymphocyte proliferation is 
the first step following cell activation by which lymphocytes 
(T and B lymphocytes) begin to synthesize DNA after the 
cross-linking of their T cell receptor (TCR) or B cell receptor 
(BCR), either following recognition of antigen or stimulation 
by a polyclonal activator (mitogen; Crevel 2005). Lymphocyte 
proliferation is the first step in a proper immune response 
to create effector lymphocytes, necessary to eliminate a cur- 
rent antigen, or memory lymphocytes, necessary to elimi- 
nate the same antigen the host may encounter in the future, 
responding to an antigen faster and stronger compared to 
the first encounter. T lymphocytes, including T helper (Th) 
cells, which help other white blood cells in the immune 


response, and cytotoxic T lymphocytes (CTL), which destroy 
virus-infected cells and tumor cells, help orchestrate a proper 
cell-mediated immune response. B lymphocytes, including 
antibody-producing plasma cells, help orchestrate a proper 
humoral immune response. 

Assays have been developed to measure lymphocyte pro- 
liferation in harbor seals (De Swart et al. 1993; DiMolfetto- 
Landon et al. 1995), beluga whales (De Guise et al. 1996), 
bottlenose dolphins, pilot whales (Globicephala spp.), and 
killer whales (Orcinus orca) (Colgrove 1978; Mumford et al. 
1975). Lymphocyte proliferation is currently evaluated by first 
isolating peripheral blood mononuclear cells (PBMCs) isolated 
from whole blood using a density-specific (e.g., 1.077 g/mD 
separation media such as ficoll (a hydrophilic polysaccharide) 
or percoll (colloidal silica coated with polyvinylpyrrolidone, 
PVP) and rapid centrifugation. Purified PBMCs are then incu- 
bated with mitogens for approximately 66-72 hours. Mitogens 
are chemical substances that trigger mitosis in lymphocytes 
and include T cell mitogens, such as Concanavalin A (ConA) 
and phytohemagglutinin (PHA), and B cell mitogens, such 
as lipopolysaccharide (LPS). This type of mitogen-induced 
lymphocyte proliferation is antigen nonspecific. On the other 
hand, lymphocytes can be induced to proliferate upon expo- 
sure to a specific antigen (e.g., viral protein), in a process 
called antigen-induced lymphocyte proliferation. 

Traditional methods to measure proliferation utilized the 
incorporation of radioactive *H-thymidine into the nuclear 
DNA during the S-phase of the cell cycle, and detected using 
a scintillation beta-counter to measure the radioactivity in 
DNA recovered from the cells in order to determine the 
extent of cell division. A current and safer (nonradioactive) 
method to measure lymphocyte proliferation utilizes the 
incorporation of bromodeoxyuridine (BrdU), a nonradioac- 
tive analogue of thymidine, into the nucleus of proliferating 
cells and further detection with a monoclonal antibody, col- 
orimetric enzymatic reaction (G.e., ELISA-based assay) and 
a spectrophotometer. Data are commonly reported as the 
optical density or the stimulation index (i.e., the ratio of the 
optical density of the mitogen-stimulated PBMCs divided by 
the optical density of nonstimulated PBMCs). 


Delayed-Type Hypersensitivity Delayed-type hypersen- 
sitivity (DTH) is the major effector mechanism for defense 
against various intracellular pathogens, including mycobacte- 
ria, fungi, and certain parasites. DTH, also known as Type 4 
hypersensitivity, is a type of cell-mediated immune response 
that may take 2 to 3 days to develop. These reactions are 
mediated by T cells and monocytes/macrophages, rather than 
by antibodies. Antigen-presenting cells, such as macrophages, 
present antigens to CD4+ helper T cells, which stimulate the 
proliferation of further CD4+ Th1 cells. CD4+ T cells secrete 
IL-2 and IFNy, inducing the further release of other Th1 cyto- 
kines, thus mediating the immune response. Some symptoms 
of DTH include local skin inflammation, skin rash, and blis- 
ters (Owen et al. 2013). Although not commonly measured 


220 Marine Mammal Immunology 


in marine mammals, DTH has been assessed in harbor seals 
(Ross et al. 1995). 


Immunophenotyping Immunophenotyping is a method 
used to study the proteins expressed by immune cells, both 
intracellular and extracellular, to help differentiate morpho- 
logically similar cells, detect cell activation, and help facilitate 
the detection of rare cells. This can be performed using cell 
suspensions, cell cultures, and tissue sections, and involves 
the labeling of immune cells with primary monoclonal or 
polyclonal antibodies directed against a protein of interest. 


800 


Figure 11.6 Representative scatterplot (a) and fluorescence histograms 
(b) from a bottlenose dolphin white blood cell sample. (a), Representative 
scatterplot of white blood cells where R11 includes neutrophils, R2 
includes monocytes, and R3 includes lymphocytes. (b), Fluorescence 
histogram of lymphocytes (R3) labeled without (isotype control antibody; 
left purple peak) and lymphocytes labeled with the monoclonal antibody 
(right green peak). 


A labeled primary or a labeled secondary antibody directed 
against the primary antibody is used for detection and mea- 
surement. For flow cytometry, the primary or secondary anti- 
body is conjugated with a fluorochrome, (e.g., fluorescein 
isothiocyanate [FITC] or R-phycoerythrin [PE]). As noted in 
Table 11.1, both cross-reactive and marine mammal-specific 
antibodies have been used to characterize the expression of 
surface proteins, usually involved in immune cell activation. 
Figure 11.6 illustrates the use of a cetacean monoclonal anti- 
body (F21.C; anti-CD2; De Guise et al. 2002), a T cell surface 
marker, in a bottlenose dolphin blood sample. 


Immunodiagnostics in 
Health Assessments 


Functional immune assays have been applied during health 
assessments of wild marine mammal populations, with 
increasing use in managed-care facilities, particularly reha- 
bilitation facilities. The results can be part of an individu- 
al’s medical record, assess relationships between changes 
in immune functions and concentrations of environmental 
contaminants (e.g., persistent organic pollutants [POPs] and 
harmful algal bloom biotoxins), and/or assess relationships 
between immune functions and noninfectious/infectious dis- 
ease status. In addition, immunotoxicological assessments 
under controlled laboratory or field conditions have been 
conducted to detect changes in immunity. 


Wild Population Health Assessment 


Marine mammals have been live captured, sampled, and 
released, to collect samples to measure health and immune 
function and thus potential impacts of environmental changes 
(see Chapters 34 and 35). Between 2003 and 2005, pop- 
ulation health assessments (Health and Environmental Risk 
Assessment, HERA) of bottlenose dolphins from both the 
Indian River Lagoon URL), Florida, and estuarine waters near 
Charleston, South Carolina, were conducted (Reif et al. 2008). 
In the IRL dolphins, mitogen-induced T lymphocyte prolif- 
eration responses were significantly reduced in dolphins with 
positive morbillivirus antibody titers, and marginally signifi- 
cant decreases were found for absolute numbers of CD4+ lym- 
phocytes (Bossart et al. 201D. In addition, IRL dolphins with 
lobomycosis had decreased mitogen-induced T and B lym- 
phocyte proliferation responses compared to dolphins without 
lobomycosis (Reif et al. 2009). From the HERA dolphin study 
in Charleston, age-adjusted linear regression models showed 
statistically significant positive association between levels of 
perfluoroalkyl compounds (PFCs) and B cell proliferation and 
granulocyte/monocytic phagocytosis (Fair et al. 2013). 

In a population of bottlenose dolphins in the northern 
Gulf of Mexico, biotoxin exposure, including brevetoxin and 
domoic acid, was suggested to be associated with eosinophilia 
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syndrome in the population (Schwacke et al. 2010). Elevated 
eosinophil counts were also associated with decreased T 
lymphocyte proliferation and increased neutrophil phagocy- 
tosis. This study highlights the need to further investigate the 
relationships among biotoxins, eosinophilia, and changes in 
immune functions. 

In a health assessment of bottlenose dolphins along the 
Georgia coast (United States), which were heavily contami- 
nated by PCBs, both T lymphocyte proliferation and phago- 
cytosis were found to decrease with increasing blubber PCB 
concentration, suggesting an increased susceptibility to infec- 
tious disease (Schwacke et al. 2012). 

In a health assessment of Florida manatees, phagocy- 
tosis and respiratory burst were measured in two different 
populations from Crystal River (Florida’s west central coast) 
and Brevard County (Florida’s east central coast; Rousselet et 
al. 2016). While phagocytosis was not different between the 
sites, respiratory burst was higher in Brevard County animals, 
although the cause(s) for the differences was not known at 
the time. 

From the above studies, it is clear that measuring immune 
functions can be integrated into health assessments and pro- 
vide additional insights into the overall health of wild popula- 
tions of marine mammals (see Chapters 34 and 35). 


Stranded Animal Health Assessment 


Evaluating changes in immunity or determining underlying 
causes for stranding are useful to assess the health of stranded 
marine mammals. Plasma was examined for the presence 
of IL-6-like activity (a maker of inflammation) in gray seals 
(Halichoerus grypus) and harbor seals at a seal rehabilita- 
tion center in Norfolk, UK (King et al. 1993). IL-6-like activity 
was not detected in normal healthy seals; however, elevated 
IL-6-like activity was detected in animals with pyrexia, diar- 
thea, flipper infection, and systemic infection. Interestingly, 
following treatment with antibiotics, the one seal with a flip- 
per infection that had fully recovered was found later to have 
no IL-6-like activity. 

Changes in blood cytokine IL-10 mRNA levels were 
compared between healthy and diseased harbor porpoises 
in the North and Baltic Seas (Beineke et al. 2007). Whole 
blood IL-10 mRNA was higher in severely diseased harbor 
porpoises with evidence of chronic bacterial infections. In 
addition, an increase in IL-10 mRNA levels was also associ- 
ated with splenic depletion. 

Changes in cytokine expression were measured in blood 
samples from harbor seal pups collected at admission and 
after rehabilitation (Fonfara et al. 2008); mRNA expressions 
of IL-1, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, IFNy, and trans- 
forming growth factor (TGF) beta were measured. Higher 
levels of the proinflammatory cytokines IL-1B, IL-6, IL-8, and 
IL-12 were found at admission, consistent with an activated 
immune system, whereas the anti-inflammatory cytokine IL-4 
was increased after rehabilitation, suggesting recovery from 


infections and maturation of the immune response during 
rehabilitation. 

IL-2 was evaluated as an immune status molecular bio- 
marker in gray seal pups at a rehabilitation center (Lehnert 
et al. 2014). IL-2 transcription levels were significantly higher 
in pups at admission compared to levels prior to release. 
The authors suggested that the decrease was indicative of an 
improving health status at the facility, or a maturing immune 
response. 

Taken together, these studies provide evidence that measur- 
ing cytokines can help assess the health of marine mammals. 
However, there are several disadvantages to the molecular 
methods (mRNA and PCR) described above. First, RNA must 
be quickly stabilized to prevent RNA degradation or changes 
in gene expression ex vivo, which may not reflect the true 
condition of an animal. Second, there are numerous reagents 
(RNA extraction kits, species-specific primers, PCR kits) and 
equipment (centrifuges, real-time PCR machines) to purchase 
and maintain, as well as clean bench space (ie., to prevent 
contamination of samples) to perform the work. Third, each 
cytokine must be measured independently, which may sig- 
nificantly increase the time until final results are available, 
which leads to increases in the costs of analyses. Finally, and 
most importantly, expression data (e.g., copy numbers of 
IL-2 relative to a housekeeping gene) or cytokine activity, 
albeit valuable in the research setting, may not be useful to 
a veterinarian trying to make a timely diagnosis on a sick or 
dying marine mammal. In that situation, protein concentra- 
tion (e.g., pg/ml) may be a more useful metric, especially in 
the context of reference intervals described below. The use of 
cross-reactive commercial cytokine kits may help overcome 
these limitations (Levin et al. 2014). 


Immunotoxicological Assessments 


Due to ethical, logistical, and financial constraints, controlled 
contaminant exposure or vaccination/protection experiments 
and changes in host immunity using live marine mammals 
are difficult. However, limited studies have been conducted. 
The most definitive study to assess the impact of contam- 
inants on immunity involved a 2.5-year controlled feeding 
study with harbor seals (De Swart et al. 1994, 1995, 1996; 
Ross et al. 1996). Two groups of harbor seals were fed herring 
from the Atlantic Ocean (relatively uncontaminated) or from 
the Baltic Sea (contaminated). In comparison to seals fed 
benign Atlantic Ocean herring, seals fed contaminated Baltic 
Sea herring showed changes in immune functions, including 
decreased NK cell activity (Ross et al. 1996), decreased T lym- 
phocyte proliferation (De Swart et al. 1994), and decreased 
delayed-type hypersensitivity (Ross et al. 1995). In a different 
harbor seal study, a significant body weight-independent pos- 
itive correlation was observed between both T cell mitogen- 
and B cell mitogen-induced lymphocyte proliferation and 
the blubber concentrations of total polychlorinated biphenyls 
(PCBs) (Levin, De Guise, and Ross 2005a). 
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Another study assessed whether organochlorine (OC) 
exposure, including polychlorinated biphenyls (PCBs) and 
organochlorine pesticides (OCPs), could impair resistance to 
infection in free-ranging polar bears (Lie et al. 2004). Polar bears 
were immunized with two commercial vaccines (Resequin 
Plus and Prevacun FT), which contained herpes virus (EHV), 
tetanus toxoid, reovirus, and influenza virus (EIV). Blood was 
sampled at immunization and at recapture for the determi- 
nation of plasma levels of PCBs and OCPs, serum IgG con- 
centrations, and specific antibodies against influenza virus, 
reovirus, and herpes virus, and tetanus toxoid. Negative asso- 
ciations were found between PCB concentrations and serum 
IgG levels and between PCB concentrations and increased 
antibody titers against influenza virus and reovirus following 
immunization. On the other hand, a positive association was 
found between PCB concentrations and increased antibod- 
ies against tetanus toxoid. As part of the same polar bear 
study, lymphocytes isolated from whole blood were used to 
perform mitogen- and antigen-induced lymphocyte prolifera- 
tions assays (Lie et al. 2005). Although no linear relationships 
were found between the different lymphocyte proliferation 
responses and PCB concentrations and OCP concentrations, 
regression analysis found that the combinations of PCB con- 
centrations and OCP concentrations, and their interactions, 
contributed up to 15% of the variations in the lymphocyte 
proliferation responses. Taken together, both of these polar 
bear studies showed that OC exposure significantly affected 
important cell-mediated immune responses. 

Under controlled laboratory experiments, whole blood is 
collected opportunistically from managed-care individuals, or 
immune cells Gsolated from lymph nodes or spleen) from 
subsistence hunted animals, for assessing the direct effects on 
innate and adaptive immune functions following controlled 
in vitro exposures to different contaminants, including persis- 
tent organic pollutants (POPs), harmful algal bloom biotoxins, 
and heavy metals. Individual PCB congeners, simple mixtures 
of PCB congeners, and commercial mixtures (Arcolor) were 
shown to modulate marine mammal phagocytosis (Levin et 
al. 2004, 2005b), respiratory burst (Levin, Morsey, and De 
Guise 2007), and T and B lymphocyte proliferation (Neale et 
al. 2002; Mori et al. 2006, 2008; Levin, Morsey, and De Guise 
2007; Frouin et al. 2010b; Levin et al. 2016). The biotoxin 
domoic acid was shown to significantly modulate T lympho- 
cyte proliferation in California sea lions (Zalophus califor- 
nianus, Levin et al. 2010), while the biotoxin brevetoxin was 
shown to significantly modulate both T and B lymphocyte 
proliferation, as well as monocyte respiratory burst (Gebhard 
et al. 2015). Heavy metals (e.g., mercury, zinc, lead) have also 
been shown to modulate marine mammal lymphocyte prolif- 
eration (Bernier et al. 1996; Frouin et al. 2010b). 

In vitro exposure of harbor seal lymphocytes and mono- 
cytes to Aroclor 1260, a commercial PCB mixture, and pho- 
cine distemper virus, PDV, resulted in a significantly higher 
viral load (as measured by RT-qPCR) following an 11-day 
exposure (Bogomolni et al. 2016a). Using a similar in vitro 


model, the biotoxin saxitoxin also increased PDV viral loads 
in harbor seal lymphocytes (Bogomolni et al. 2016b). 

A comprehensive review of marine mammal field studies, 
captive-feeding experiments, and in vitro laboratory studies 
has associated exposure to environmental persistent organic 
pollutants (most notably PCBs, organochlorine pesticides, and 
heavy metals) with alterations of both the innate and adaptive 
arms of the immune system (Desforges et al. 2016). Importantly, 
this review found that for lymphocyte proliferation, concen- 
tration response curves for in vitro and in vivo lymphocyte 
proliferation vs. pollutant concentrations overlapped very well, 
suggesting that the in vitro approach can be suggestive of the 
outcome of in vivo exposure to similar concentrations. 


Considerations for Future Work 


Reference Intervals 


While functional immune assays may help to assess the immune 
status of an individual beyond routine blood work (CBC, 
serum chemistry), there is a need to establish reference inter- 
vals (RIs), more commonly known as baseline values, for both 
managed-care and wild populations. Statistically derived RIs 
provide a baseline to which individual diagnostic test results 
can be compared, thus allowing the evaluation of individ- 
ual health relative to a “normal” healthy population. These 
data can be used to help diagnose deviations from normal 
immune function values that may be associated with disease 
or other health problems, or be included as part of a broader 
health assessment. RIs are typically reported as upper and 
lower bounds of an RI comprising 95% of a healthy popula- 
tion and have become one of the most commonly used labo- 
ratory tools employed in the clinical decision-making process 
(Horn and Pesce 2005). The American Society for Veterinary 
Clinical Pathology (ASVCP) has guidelines to establish RI for 
wildlife species, with sample sizes ranging from = 20 to 
120 (Friedrichs et al. 2012). To date, reference intervals have 
been established for hematology and serum chemistry val- 
ues for a range of species (see Appendix 1 but are limited 
for immune function parameters. Values for T cell mitogen— 
induced lymphocyte proliferation for wild populations of 
bottlenose dolphins have been developed (De Guise et al. 
unpubl. data) but need to be established for other species, 
and other immune functions and cytokines. 


Marine Mammal-Specific 
Reagents and Cell Lines 


Limited marine mammal-specific reagents, such as monoclo- 
nal antibodies used for immunophenotyping and cytokine 
quantification, are available (Table 11.2). Those that are 
available may be limited in quantity and/or availability (De 
Guise et al. 1998, 2002, 2004). Therefore, the validation and 
application of cross-reactive reagents (e.g., human, porcine, 
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bovine, canine) will continue to help characterize and assess 
the marine mammal immune system. Antibodies to specific 
subpopulations of peripheral blood leukocytes could be 
used to develop more accurate blood differential values by 
using fluorescent-labeled antibodies and flow cytometry, or 
give insight into normal or abnormal subpopulations of T 
cells (absolute counts of CD4 and CD8 T lymphocytes). In 
addition, using immunohistochemistry, antibodies to tissue 
immune cells could provide insight into disease processes 
(Zabka and Romano 2003). 

Additional efforts have been directed to assess and vali- 
date the cross-reactivity of non—marine mammal reagents and 
commercial kits to measure cytokines. For example, commer- 
cially available antihuman IL-la, IL-1B, IL-8, and IFNa anti- 
bodies were shown to label snap-frozen cetacean lymph node 
sections in a pattern similar to that obtained with human 
tissue (Jaber et al. 2010). A multiplex canine cytokine kit was 
successful in measuring cytokines (e.g., TNFa, INFy, IL-6, 
IL-8) in three different pinniped species, harbor seals, gray 
seals, and harp seals (Levin et al. 2014). In addition, the use 
of commercial human and porcine cytokine kits to measure 
cetacean cytokines continues to develop (De Guise et al. 
unpubl. data). 

Immortalized cell lines have the potential to help further 
characterize the immune system in a controlled laboratory set- 
ting. Although valuable, several established marine mammal 
immortalized cell lines are nonimmune, skin/fibroblast cell 
lines (Marsili et al. 2000; Wang et al. 2011; Mancia et al. 2012; 
Burkard et al. 2015; Wise et al. 2015). One marine mammal— 
specific immune cell line, the harbor seal 11B7501 lymphoma 
B cell line, was used to characterize the immunotoxic effects 
of seven heavy metals (Frouin, Fortier, and Fournier 2010a). 
Future development of immune cell lines may help elucidate 
the role of immune cells, and the proteins they secrete (e.g., 
antibodies, cytokines), in tumor development and the patho- 
genesis of infectious diseases. 


Marine Mammal Immune Cell Tissue Bank 


Managed-care facilities routinely internally bank serum and/ 
or plasma collected during routine medical examinations 
from collection or wild animals undergoing rehabilitation. 
Although live blood lymphocytes can be isolated and cryopre- 
served from managed-care individuals, individuals undergo- 
ing rehabilitation, and wild individuals (e.g., capture-release 
wildlife health assessments and subsistence hunted animals), 
they are not routinely collected, mostly due to limited finan- 
cial resources, facilities/equipment, and trained personnel. 
The inclusion of immune cells and serum/plasma to a con- 
trolled tissue bank should be considered and may help to 
conduct retrospective analysis. The National Marine Mammal 
Tissue Bank (NMMTB) jointly operated by the National 
Oceanic and Atmospheric Administration (NOAA) and the 
National Institute of Standards and Technology (NIST) cur- 
rently maintains cryopreserved tissue samples (blubber, 


kidney, liver) from a variety of marine mammals, and could 
be the appropriate facility to bank immune cells, serum, and 
plasma. 

Having access to cryopreserved immune cells and serum/ 
plasma samples may help researchers and veterinarians 
understand the role of the immune response in an individ- 
ual’s changing medical condition (G.e., nonclinical to clinical 
disease). In wildlife health assessment, a better understand- 
ing of normal immune parameters may be used to com- 
pare to immune parameters (similar or different) following 
unusual morality events (UMEs) or environmental disasters 
(oil spills). In the controlled laboratory setting, having access 
to immune cells may help researchers conduct hypothesis- 
driven research, such as elucidating the effects of contami- 
nants on immune function or disease susceptibility. 


Omics Approach 


The field of omic sciences, including genomic (DNA), tran- 
scriptomics (RNA), proteomics (proteins), and metabolomics 
(metabolites), is a rapidly expanding field, which may pro- 
vide insight into the health and immune status of marine 
mammals. For example, a DNA microarray was developed 
to assess stress response and immune function genes in bot- 
tlenose dolphins (Mancia et al. 2007), and the microarray 
(in combination with machine learning software) was able 
to differentiate (ie., provide a diagnostic signature) among 
four geographically distinct populations of bottlenose dol- 
phins (Mancia et al. 2010). The blood transcriptome of dol- 
phins is being investigated because it reflects both systemic 
exposures and pathological changes in other organs of the 
body as immune cells recirculate through the blood, lym- 
phoid tissues, and affected sites (Morey et al. 2016). This 
approach will require a robust database of gene expression 
in free-ranging and managed-care dolphins across seasons 
with known adverse health conditions or contaminant expo- 
sures to establish predictive gene expression profiles suitable 
for biomonitoring. Chapter 12 addresses marine mammal 
genetics more fully. 


Conclusions 


Significant advances have been made in the field of marine 
mammal immunology over the last several decades. However, 
there is still a need to expand the knowledge and understand- 
ing of the marine mammal immune system and associated 
immunological disorders. As there is still a paucity of reagents 
and assays when compared to humans and traditional lab- 
oratory animal models, there is clearly a need to generate 
more species-specific reagents for marine mammals and to 
validate the use of cross-reactive reagents. Additionally, the 
elusiveness of the species of interest, combined with the diffi- 
culty to perform invasive procedures in wild populations, will 
remain significant barriers in the efforts to unravel the details of 
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marine mammal immunology. However, the generation and 
validation of new reagents and assays will certainly be useful 
to elucidate the intricacies of the immune system of marine 
mammals, including differences among species. Together, a 
better understanding of the immune system and the devel- 
opment of new tools will be useful in the medical care of 
marine mammals in managed-care and rehabilitation facili- 
ties, as well as with health assessments of wild populations. 
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Introduction 


In the current context of environmental changes, it is easy to 
see how extrinsic factors, such as shifts in sea surface tem- 
perature, food availability and accumulation of pollutants, 
can impact the health of marine mammals. However, intrinsic 
factors, including the genetic constitution of an individual, 
are also largely responsible for shaping health, particularly in 
terms of immune system effectiveness. We have written the 
current chapter with an emphasis on how each individual’s 
genetic constitution and the prevalence of particular genetic 
variants are relevant to marine mammal health and disease. 
The chapter first presents a conceptual framework for under- 
standing how genetics shape health and disease. We next 
outline common genetic techniques and current tools and 
technologies that are emerging in marine mammal health 
studies. Finally, the scope, pitfalls, and limitations of these 
tools are discussed. 


Genes Involved with Immune 
Responses and Health 


There are several genes whose encoded products are central 
to the immune system and health of an organism. These genes 
participate in different functions, from recognition of antigens 
or pathogen-associated molecular patterns, to phagocytosis, 
cytotoxicity, or synthesis of molecular effectors, such as cyto- 
kines, chemokines, components of the complement cascade, 
and antibodies (see Chapter 11). Some of these genes, par- 
ticularly those that are involved with recognition of foreign 
molecules, exhibit high levels of polymorphism. 

In vertebrates, one of these genetic regions, known as 
the major histocompatibility complex (MHC) is one of the 
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most diverse regions in the genome, and its gene products are 
essential for ensuing adaptive immune responses. The MHC 
is a large complex conglomerate of genes that are closely 
grouped on a single chromosome and are segregated in tra- 
ditional Mendelian fashion. The mammalian MHC is divided 
into regions or subgroups that vary in their properties and 
functions. The class I and class II genes are the most polymor- 
phic, particularly in the peptide-binding region, where most 
mutations lead to nonsynonymous substitutions (Piertney 
and Oliver 2006). Vertebrate MHC variants are known to 
influence many important biological traits, including immune 
recognition, susceptibility to infectious and autoimmune 
diseases, individual odors, mating preferences, kin recogni- 
tion, cooperation, and pregnancy outcome (Sommer 2005). 
In humans (where this gene complex is named the “human 
leukocyte antigen” or “HLA” complex) the most diverse loci, 
namely HLA-A, HLA-B, and HLA-DRB1, have roughly 1000, 
1600, and 870 known alleles, respectively (Ponchel, Burska, 
and Harrison 2016). 

The MHC genes encode glycoproteins that transport pep- 
tides to the cell surface and present them to lymphocytes, 
thereby enabling responses to “nonself” peptides. The func- 
tional role of the MHC for the adaptive immune response 
is clear: T-cells can only recognize antigens when these are 
bound to MHC peptides (Zinkernagel and Doherty 1974). 
Once the T-cells bind to an antigen, a variety of adaptive 
responses commence. In general, MHC class I peptides, 
expressed in all nucleated cells, present viral and tumoral 
(endogenous) antigens to CD8+ T-cells, which initiate a cyto- 
toxic response against these nonself peptides. In contrast, 
MHC class I peptides, expressed in antigen-presenting cells 
such as macrophages, dendritic cells, and B-cells, generally 
present bacterial (exogenous) antigens to CD4+ T-cells, which 
activate B-cell differentiation and clonal expansion, and lead 
to antibody-driven immune responses (Blum, Wearsch, and 
Cresswell 2013). MHC class I and class II functions are often 
erroneously considered to be separate, but occasional over- 
lap does exist: MHC class I is known to present exogenous 
antigen, while MHC class II is known to present endogenous 
antigen (Stern et al. 1994; Imai et al. 2005; Leung 2015). 

MHC diversity is maintained by pathogen-driven selec- 
tion, in addition to sexual selection, kin recognition, and 
gene recombination (Bernatchez and Landry 2003; Piertney 
and Oliver 2006). High diversity would be selected for if 
individuals that are heterozygous at the MHC were better 
at recognizing foreign antigens (Doherty and Zinkernagel 
1975); alternatively, it could arise if certain alleles (specific 
to a given antigen) confer a disproportionate advantage in 
reproductive success over others (Wegner et al. 2003). The 
evolutionary advantage of particular alleles would expectedly 
change over time—as mutations in the pathogen’s genome 
associated with immune avoidance would also accumulate— 
thus leading to fluctuating allele frequencies in the population 
(Borghans, Beltman, and De Boer 2004; Brockhurst et al. 
2014). Interestingly, identical MHC sequences occur across 


diverged species (i.e., trans-species polymorphism), suggest- 
ing that in addition to selection, other evolutionary forces 
shape the population genetics of this genetic region (van 
Oosterhout 2009). 

The MHC of marine mammals has been studied to a certain 
extent for a limited number of species. From the first studies 
conducted on sei whales (Balaenoptera borealis), fin whales 
(Balaenoptera physalus; Trowsdale, Groves, and Arnason 
1989), and southern elephant seals Wirounga leonina, Slade 
1992), interest in this important genetic region in marine 
mammals has grown rapidly, and the peptide-binding regions 
of the MHC have now been characterized for several species. 
Based on those studies, it would appear that the MHC class II 
of marine mammals has evolutionary patterns comparable to 
those of terrestrial mammals, albeit with comparatively lower 
levels of polymorphism. It has been proposed that this is 
evidence of either lower pathogen pressure, due to decreased 
body contact between cetaceans (Trowsdale, Groves, and 
Arnason 1989), or more limited exposure to pathogens in the 
marine environment compared to terrestrial mammals (Slade 
1992; Murray, Malik, and White 1995). A number of reasons 
make this last scenario unlikely. First, there is increasing evi- 
dence of high pathogen diversity in the oceans (Haddock 
and Jones 2008), and many pathogens, including several that 
affect marine mammals, are now known to have long been 
present in the marine environment (Burge et al. 2013; Egan 
et al. 2014). For example, cetacean morbilliviruses are known 
to have derived from terrestrial ancestors some millions of 
years ago (Van Bressem et al. 2014). Second, marine mam- 
mals are hosts to a number of pathogens, from viruses to hel- 
minths (see Chapters 17-21), and based on their involvement 
with periodic epizootics, at least some of these pathogens are 
likely to exert strong selective pressure on their hosts. Third, 
limited diversity at the MHC could be the result of popula- 
tion bottlenecks and genetic drift in small populations (Slade 
1992; Murray and White 1998), rather than evidence of low 
pathogen pressure. 

Many marine mammal populations were drastically 
reduced due to commercial hunting between the eighteenth 
and early twentieth centuries. For instance, during the twen- 
tieth century alone, more than 360,000 Antarctic blue whales 
(Balaenoptera musculus) were harvested, leaving the remain- 
ing population at only hundreds of individuals, a reduction of 
nearly 95% the original population size (Branch et al. 2007). 
Various fur seal and elephant seal species were similarly 
overexploited in the nineteenth century (Shaughnessy 1982; 
Riedmann 1990), leaving decimated populations that in some 
cases have yet to recover (Magera et al. 2013). Theoretically, 
populations with low polymorphism at the MHC could expe- 
rience increased susceptibility to infectious diseases, partic- 
ularly populations where gene flow is limited. Despite this 
prediction, there is little empirical evidence that shows higher 
infectious disease rates or associated mortality in marine 
mammal populations with low MHC diversity (de Assuncao- 
Franco et al. 2012). This leads to the question of how much 
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genetic diversity is needed to ensure the viability of marine 
mammal populations. 

Despite its evident relevance as a model for the study of 
host-parasite coevolution, the usefulness of MHC genotyping 
for conservation or management programs is not as clear- 
cut (Miller and Hedrick 1991; Sommer 2005). This is largely 
because of the temporal scale of MHC diversity generation. 
Polymorphism of the MHC reflects an individual’s evolution- 
ary past but does not necessarily provide information about 
its likelihood to survive future pathogenic challenges, par- 
ticularly when immune competence of an individual can also 
be influenced by stressors, such as persistent environmen- 
tal pollutants, effects of climate change, and food availability 
(Cohen 2002; Acevedo-Whitehouse and Duffus 2009; Wood 
2014; see Chapter 9). For evolutionary ecologists interested 
in finding evidence of pathogen-driven selection in marine 
mammal populations, the MHC is an ideal system in which 
to quantify the rates of nucleotide substitutions, characterize 
allele polymorphisms, and examine fluctuations over time. 
However, for those interested in understanding the factors 
that shape differences in susceptibility to emerging patho- 
gens, or for those who need data that can help inform conser- 
vation or management decisions, other approaches might be 
more useful, including identifying gene variants (MHC or not 
MHC) associated with specific diseases that are relevant—in 
terms of their associated mortality or impact on reproductive 
success—to a given population. 

There is ample evidence of MHC allele associations with 
various human infectious diseases and cancer, where some 
alleles confer protection and others increase the risk of dis- 
ease occurrence. Similar evidence is scarce for marine mam- 
mals but slowly growing. For instance, in the California sea 
lion (Zalophus californianus), particular MHC class I DRB loci 
were identified as “high risk” for the development of urogenital 
carcinoma and for susceptibility to infection by a potentially 
oncogenic herpesvirus (Bowen et al. 2005), while other loci 
were associated with less risk of neoplastic transformation of 
the genital epithelium (Barragan-Vargas et al. 2016). Stranded 
bottlenose dolphins (Zursiops truncatus) had a disproportion- 
ately higher frequency of a specific DQB allele (Yang, Hu, 
and Chou 2008). A comparable pattern was also observed in 
New Zealand sea lions (Phocarctos hookeri), where dead pups 
had one DRB allele that was not found in live pups, whereas 
a heterozygous DRB genotype was most common in live pups 
(Osborne et al. 2015). Furthermore, the ability of individuals 
to mount innate responses, such as inflammation, appears to 
be related to specific MHC gene variants, as was reported for 
the California sea lion (Montano-Frias et al. 2016). 

In addition to the MHC, there are many other genes 
related to immune responses and health, either solely or in 
conjunction with other genes. Nearly half of the observed 
variation in immune responses is attributed to other genes 
(Jepson et al. 1997), and there is evidence that trans-species 
polymorphism is a general pattern of various “non-MHC” 
immune genes, particularly those that participate in innate 


responses (TéSicky and Vinkler 2015). For instance, spe- 
cific variants of genes that encode cytokine receptors, che- 
mokine ligands, immunoglobulin receptors, the leukocyte 
immunoglobulin-like receptor superfamily, mannose-bind- 
ing lectin, natural macrophage protein, Toll-like receptors, 
and interferon genes have been associated with a dispro- 
portionate susceptibility (or resistance) to different infectious 
diseases (Acevedo-Whitehouse and Cunningham 2006). 

To date, few non-MHC genes relevant to the immune sys- 
tem have been characterized for marine mammals, and only a 
handful of studies have examined associations between gene 
variants and disease or survival. Early studies sequenced and 
characterized cDNA (a method for profiling translated mRNAs 
of “functional,” i.e., protein-coding, genes) from interleukin and 
tumor necrosis factor genes in the killer whale (Orcinus orca), 
beluga (Delphinapterus leucas), southern sea otter (Enhydra 
lutris nereis), harbor seal (Phoca vitulina), northern elephant 
seal (Mirounga angustirostris), and gray seal (Halichoerus gry- 
pus; King et al. 1996; Shoda, Brown, and Rice-Ficht 1998; 
St-Laurent, Beliveau, and Archambault 1999; St-Laurent and 
Archambault 2000; Denis and Archambault 2001. 

More recently, a study of New Zealand sea lion immu- 
nology characterized the natural resistance—associated mac- 
rophage protein 1 (recently termed solute carrier family 11 
member al gene, Slc1la1), whose encoded product plays a role 
in immune responses against bacterial pathogens (Osborne 
et al. 2015). The authors reported polymorphisms in the pro- 
moter region and identified one allele that appeared to be 
associated with increased likelihood of death from bacterial 
infections. Another study characterized a toll-like receptor 
(TLR) gene in cetaceans and found evidence of adaptive evo- 
lution that could be traced to the transition of the terrestrial 
ancestors of cetaceans from land to an aquatic environment, 
and following rapid diversification and radiation, presumably 
reflecting the evolution of new amino acid sites specialized for 
recognizing new pathogens (Shen et al. 2012). Furthermore, 
two key antiviral genes, Mx1 and Mx2, were typified in odon- 
tocetes, revealing interesting deletions, premature stop codons, 
frame-shift mutations, and transcriptional decay in the coding 
sequences of both genes. Collectively, these are thought to 
reflect that the antiviral proteins were lost following the diver- 
gence of toothed whales and baleen whales, and suggest that 
toothed whales probably respond to viral infections differently 
than other mammals (Braun et al. 2015). Lastly, a study of har- 
bor seals characterized levels of variation in eight genes that 
have a key role in the pathogenesis of morbilliviruses. The 
authors reported polymorphisms in some of the genes and 
evidence of differentiation of allele frequencies among harbor 
seal populations across Europe (McCarthy et al. 2011). 


Inbreeding and Disease Susceptibility 


One of the levels at which an individual marine mammal’s 
genetic constitution can influence resistance to pathogens 
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and disease is related to inbreeding. Consanguineous mat- 
ing increases the proportion of homozygous alleles of the 
offspring; population genetics theory suggests that this will 
lead to a reduction of fitness in the offspring (Charlesworth 
and Charlesworth 1999). In particular, inbreeding can reduce 
homozygosity at genes under balancing selection, such as the 
MHC, thus reducing the range of pathogen-derived antigens 
that an individual would recognize (O’Brien and Evermann 
1988). 

Inbreeding can be estimated indirectly by determin- 
ing heterozygosity at multiple genetic markers (reviewed in 
Moore and Kukuk 2002). Indirect measures of inbreeding 
and indirect indicators of fitness have shown a significant 
impact on the fitness of some marine mammal populations. 
For instance, juvenile survival of harbor seals was lower in 
more inbred individuals (Coltman, Bowen, and Wright 1998), 
and similar patterns were reported for gray seals (Bean et al. 
2004), harp seals (Pagophilus groenlandicus, Kretzmann 
et al. 2006) and Weddell seals (Leptonychotes weddellii, Gelatt 
et al. 2010). There is also evidence of negative selection 
against more homozygous Antarctic fur seals (Arctocephalus 
gazelle), whose populations have been affected by climate 
change, in terms of reduced prey availability and declines in 
seal birth weight (Forcada and Hoffman 2014). 

In terms of disease susceptibility, it has been shown that 
relatively less heterozygous California sea lion pups tend to 
carry higher hookworm burdens and experience more associ- 
ated pathologies (Acevedo-Whitehouse et al. 2006). A com- 
parable result was found for juvenile harbor seals infected 
with lungworms (Rijks et al. 2008). Furthermore, lower lev- 
els of homozygosity were negatively correlated with immu- 
noglobulin G production in Galapagos sea lion (Zalophus 
wollebaeki) pups, suggesting that reduced genetic diversity 
can also impact the early development of immune responses 
in pinnipeds (Brock et al. 2015). Adult survival can also be 
affected by inbreeding. Evidence of this was reported for 
California sea lions, where relatively more inbred individu- 
als were more likely to die due to genital carcinoma (see 
Chapter 14), leptospirosis (see Chapter 18), and domoic 
acid intoxication (see Chapter 16), than individuals with no 
evidence of inbreeding (Acevedo-Whitehouse et al. 2003). As 
indicated above, in the section on MHC, it would appear that 
the relevance of inbreeding depression is partly dependent 
on the environment of a given population. For instance, levels 
of homozygosity predicted blood leukocyte counts in juvenile 
Galapagos sea lions from a colony subject to anthropogenic 
pressures, but not in a colony lacking urban development, 
pollution, and introduced species (Brock et al. 2015). 

Effects of inbreeding-related disease susceptibility 
have been seen during viral outbreaks. Specifically, dur- 
ing the 1990-1992 morbillivirus epizootic that affected the 
Mediterranean striped dolphin (Stenella coeruleoalba), rela- 
tively more inbred individuals were the first to succumb to 
the disease (Valsecchi et al. 2004). This is relevant consid- 
ering the devastating effects of morbillivirus epidemics in 


marine mammal populations (see Chapter 17), as relatively 
more inbred individuals might serve as points of entry of the 
virus into the population. 

If relatively more inbred animals tend to have higher 
parasite loads, succumb earlier and more often to infection 
during outbreaks, and have higher risk of developing chronic 
degenerative diseases, such as cancer, captive breeding pro- 
grams in zoos and aquaria should consider genetic profil- 
ing prior to setting up breeding colonies and before deciding 
which males to use as fathers when exchanging animals. Not 
only would this help reduce health problems in their collec- 
tions, but it would also avoid reintroducing inbred individuals 
to the wild (see Kleiman 1996). 

Correlations between heterozygosity and aspects of fit- 
ness in marine mammal populations that are very small or 
isolated, and that exhibit strong polygyny, such as the New 
Zealand sea lion and the Guadalupe fur seal (Arctocephalus 
townsendi), are easy to interpret as evidence of inbreeding 
depression (Balloux, Amos, and Coulson 2004). However, 
for most highly polygynous marine mammals, population 
sizes are not so small. Thus, the observed correlations are 
likely to arise if one or a subset of microsatellites used are 
linked to genes under balancing selection for the trait stud- 
ied (Hansson et al. 2004). Indeed, some studies that found 
correlations between heterozygosity and aspects of fitness 
have already identified microsatellite loci that contribute dis- 
proportionately toward disease risk or survival (Kretzmann 
et al. 2006; Acevedo-Whitehouse 2009). Recent studies have 
already begun to investigate these loci in more detail (e.g., 
Browning et al. 2014). 


Tools and Techniques for Genetic 
Analyses Relevant to Studies 
on Health and Disease 


Since 1960, the number of studies that use genetic tools has 
grown exponentially. From early starch gel electrophoresis 
that allowed the quantification of protein polymorphisms as 
a way to measure genetic diversity, to DNA- and RNA-based 
analyses, there are many tools now available to marine mam- 
mal geneticists, and the potential applications for studies on 
health and disease of marine mammals is expanding. We will 
next describe these tools and techniques, which vary in terms 
of their levels of resolution, cost, ease of use, and reproduc- 
ibility, and we will examine their usefulness for studies on 
health and disease of marine mammals. 


Microsatellites 


Microsatellites are polymorphic short tandem-repeated 
sequences of noncoding DNA that are abundant and relatively 
evenly distributed within eukaryote genomes (Goldstein 
and Schoétterer 1999). Their use has expanded greatly in the 
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past decades, particularly because they are polymorphic and 
codominant, and thus are useful to infer paternity and kin- 
ship; investigate phylogeographic origin, population struc- 
ture, dispersal and mate choice; and identify individuals in a 
population VJjarne and Lagoda 1996). Also described above, 
microsatellites have proven useful to examine the poten- 
tial effects of inbreeding on disease susceptibility in marine 
mammals and have helped identify candidate genes and 
alleles associated with some of the common diseases of some 
marine mammals. Microsatellites are typically amplified by 
PCR (often in multiplex reactions) and run on an automated 
sequencer, although they can also be analyzed using acryl- 
amide gel electrophoresis (Guichoux et al. 201D. 

To date, microsatellites have been cloned and character- 
ized in DNA from at least 22 marine mammal species. In 
addition, as they are highly conserved, markers developed 
for a particular species may also be useful in related species 
(Ringler 2012). Studies that aim to use microsatellite mark- 
ers to examine associations between heterozygosity and 
aspects of disease, or that wish to identify markers poten- 
tially linked with a gene under selection for the trait exam- 
ined, should select highly polymorphic markers, optimize 
PCR conditions for their study species, account for genotyp- 
ing errors and presence of null alleles (Hoffman and Amos 
2005), and plan their statistical design to avoid type I errors 
by accounting for false discovery rates (Glickman, Rao, and 
Schultz 2014). Ideally, these studies should also locate the 
position of the microsatellite markers within the genome of 
the study species. However, although efforts to sequence the 
genomes of several marine mammal species are underway 
(Cammen et al. 2016), detailed sequence data and genomic 
location of candidate genes are currently unavailable for most 
marine mammals, making the identification of the putatively 
linked loci difficult. An alternative approach to map the loci 
and examine associations with functional genetic regions is 
to rely on genetic information from closely related species 
whose genome has been sequenced, annotated, and assem- 
bled into chromosomes (Osborne et al. 2011). At present, it is 
possible to find at least one representative genome available 
for a species closely related to any marine mammal of inter- 
est (Cammen et al. 2016). Using this approach, it has been 
possible to identify putative genes that could be in linkage 
disequilibrium with microsatellites associated with severe 
parasitic infections (Acevedo-Whitehouse et al. 2009), cancer 
(Browning et al. 2014), and survival of different marine mam- 
mal species (Kretzmann et al. 2006). 


Amplified Fragment Length 
Polymorphisms (AFLPs) 


AFLP is a method that can help detect genetic polymorphisms 
via restriction enzyme digestion of genomic DNA, addition of 
adapters to the restriction fragments, and selective PCR ampli- 
fication. This technique enables the use of primers that will 
bind to many parts of the genome, thus amplifying multiple 


loci at the same time (Vos et al. 1995). While AFLP markers 
are relatively less costly, and require less time to optimize 
than microsatellites, they yield less information per marker, 
and differentiating between heterozygotes and homozygotes 
is problematic (Bensch and Akesson 2005). Also, nonspe- 
cific amplification can occur if tissue that contains micro- 
organisms (e.g., fecal samples) is used as a source of DNA, 
because the technique does not differentiate between host 
and bacterial DNA (Dyer and Leonard 2000). Despite these 
shortcomings, the fact that AFLPs provide information on 
multiple markers simultaneously has made them useful for 
assessing population genetic structure, conducting paternity 
analysis, examining phylogenetic relationships, and perform- 
ing linkage mapping and association studies to identify gene 
polymorphisms associated with a given trait (Grover and 
Sharma 2016). To date, a few studies on marine mammals 
have used AFLPs to address different questions (Kingston 
and Rosel 2004; Dasmahapatra, Hoffman, and Amos 2009; 
Kingston, Adams, and Rosel 2009; Hoffman et al. 2012a); 
however, to our knowledge, this tool has not yet been used 
to identify polymorphisms that are associated with resistance 
or susceptibility to disease in marine mammals. 


Single Nucleotide Polymorphisms (SNPs) 


SNPs are commonly used as genetic markers for linkage 
and association studies in human health studies. These 
codominant, biallelic markers have certain advantages over 
microsatellites, as they can be genotyped at a large scale with 
relatively low procedural error (Hoffman et al. 2012b) and 
higher reproducibility and resolution than other tools (Humble 
et al. 2016b). To genotype SNPs, it is common to search 
large stretches of genomic sequences of interest for putative 
SNPs and develop multiple locus-specific assays based on 
the flanking sequences. These are run on a variety of high- 
throughput platforms—genome sequencers and specialized 
SNP analyzers—the specific kind selected based on the num- 
ber of SNPs and samples to be typed. The aim of such studies 
is to identify and then score SNP variants (alleles) for a large 
number of homologous loci for all of the individuals sampled 
in a given population. 

Only a few studies on marine mammals have devel- 
oped SNP arrays as described above (e.g., Hoffman 2011; 
Olsen et al. 2011; Peterson et al. 2012; Vollmer and Rosel 
2012; Malenfant, Coltman, and Davis 2015; Humble et al. 
2016b). Most likely, the limited number of studies reflects 
the cost, technological demand, and time investment needed 
(Allendorf, Hohenlohe, and Luikart 2010; Hoffman et al. 
2012b). However, other methods, such as restriction-site asso- 
ciated DNA sequencing (RADseq; Davey and Blaxter 2010; 
Peterson et al. 2012), are less costly and less technologically 
demanding and can help identify and genotype SNPs in 
species with no or limited existing sequence data. RADseq 
is similar to restriction fragment length polymorphisms 
(RFLPs) and AFLPs in the sense that it starts with restriction 
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enzyme digests of the entire genome, allowing subsampling 
at defined restriction sites (Davey and Blaxter 2010), thus 
enabling simultaneous identification, verification, and scor- 
ing of various markers. To the best of our knowledge, SNP 
markers have not yet been used to investigate gene associa- 
tions with common infectious diseases of marine mammals 
(but see Cammen et al. 2015 for a study on gene associa- 
tions with brevetoxicosis in common bottlenose dolphins). 
However, based on research conducted in humans and other 
animals, the technology promises to yield data that will likely 
be useful for future studies on how the genetic constitution 
of individual marine mammals is associated with disease 
susceptibility. 


MHC Genotyping and Screening for 
Polymorphism in Other Immune Genes 


Central to the examination of genetic diversity associated with 
immune function is the process of MHC genotyping. There 
are two primary strategies for MHC genotyping: (1) “tradi- 
tional,” involving assessment of “all” variants present in the 
population; and (2) sequence-specific PCR (SSP-PCR), utiliz- 
ing information gained from an initial broad-scale assessment 
in a more targeted approach. In order for it to be effective 
and accurate, SSP-PCR should only be used following a thor- 
ough investigation into the MHC variation of the population 
of interest. 

Traditional MHC genotyping has been applied to a variety 
of marine mammals, and sequence variation and polymor- 
phism analyses of partial segments of class II DRB and DQB 
genes have been performed for various species, although, 
to our knowledge, complete characterization has only been 
made for California sea lions (Bowen et al. 2002, 2004) and 
the Yangtze finless porpoise (NVeophocaena asiaeorienta- 
lis asiaeorientalis; Ruan et al. 2016a). The MHC class I has 
received relatively less attention, and to date, few published 
studies have characterized this genetic region (Aldridge et al. 
2006; Hammond et al. 2012; Ruan et al. 2016b). 

When there is no gene sequence available for the spe- 
cies of interest, the first step is designing degenerate primers 
with which to amplify the gene of interest. Known sequences 
of multiple closely related and more distantly related spe- 
cies are aligned to look for conserved regions across species 
within which to design primers. Due to the highly polymor- 
phic nature of the MHC gene, it is critical to design prim- 
ers outside the putative peptide-binding regions. Knowledge 
of exon/intron (DNA) and exon/exon (CDNA) boundaries is 
also imperative. Standard PCR is performed to amplify the 
region selected. Amplicons are then ligated into cloning 
vectors, grown, plated, and subjected to selection in com- 
petent cells. The DNA from positive clones is isolated and 
sequenced. There is no exact answer to the question of how 
many clones to sequence. If a population is highly variable 
at an MHC locus, then a larger number of clones will need 
to be sequenced. If a population is less variable at an MHC 


locus, then presumably, each additional clone sequenced will 
be identical to a previously sequenced clone. At a certain 
point, the cost/benefit scale of sequencing additional clones 
is tipped, and sequencing can be stopped. These ampli- 
fied sequences become the template from which to design 
sequence-specific primers. 

A new and higher-throughput variant that extends the use 
of traditional MHC genotyping methods is the development of 
next-generation (high-throughput) sequencing (NGS) technol- 
ogies. Various NGS technologies have been applied to MHC 
genotyping, with the promise of no cloning requirements, 
relatively little optimization, scalability, and a single-step pro- 
cedure; however, efficient procedures for distinguishing true 
alleles from PCR and sequencing artifacts must be established 
(Babik 2010). Although these are likely to replace traditional 
genotyping methods in the future (Sommer, Courtiol, and 
Mazzoni 2013), as yet, few marine mammal MHC studies have 
utilized NGS (Osborne et al. 2013). 

An alternative to the traditional approach for MHC geno- 
typing is SSP-PCR, where primer pairs are designed to amplify 
individual MHC alleles. For example, if a species is known to 
have 10 alleles for a particular MHC gene, 10 unique primer 
pairs will be designed and used in standard PCR reactions to 
determine presence or absence of each allele. However, SSP- 
PCR should be used conservatively, and only after exhaustive 
identification of alleles using traditional methods. Additionally, 
PCR reactions must be optimized stringently for both speci- 
ficity and sensitivity. When executed properly, there are few 
disadvantages to SSP-PCR, except perhaps the ability to iden- 
tify as yet unreported alleles. SSP-PCR has the advantage of 
building upon a more time- and labor-intensive body of work 
that has higher throughput and allows genotyping of larger 
sample sizes. Thus, it is plausible to use this methodology to 
address more broad-scale and complex questions than one 
would be able to do with traditional methods. 

Polymorphisms also occur in non-MHC genes associated 
with immune function, and yet, as stated above, few have been 
characterized or have had variants associated with disease or 
survival. Characterization of allelic variants can be accom- 
plished as described for MHC genotyping above. Degenerate 
primers are designed from multispecies alignments with the 
intent of elucidating as much of the gene sequence as pos- 
sible; this applies to the promoter region as well, as this area 
can also have sequence variation with functional implications. 
Cloning and sequencing of individual clones is performed; 
sequences are then analyzed for polymorphisms. If possible, 
sequence-specific primers are designed at this point. We say 
“if possible” because not all polymorphism/variant combina- 
tions are conducive to SSP-PCR design. PCR conditions are 
then optimized for specificity and sensitivity prior to running 
actual samples. As is the case with SSP-PCR for MHC geno- 
typing, it is critical to employ strict quality control protocols, 
including reactions run in at least duplicate, positive controls, 
negative controls, and random sequencing of PCR products 
for specificity confirmation. 
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Gene Expression Studies 


Gene expression studies can use candidate gene—based 
approaches that determine the presence of a transcript or 
quantify the expression of a gene, or use functional genomics 
approaches. In both cases, having good-quality complemen- 
tary DNA (CDNA) as a template is essential. The ease, relative 
cost, and technical requirements for the different methods 
vary, and it is recommended that the selected protocols be 
optimized thoroughly in the species of interest before full- 
scale analyses are conducted (Bustin 2010; Baker 2011). 

Reverse transcription polymerase chain reaction (RT-PCR) 
is used to detect gene transcription via PCR amplification of 
specific gene segments in cDNA. This method is qualitative 
and only indicates if a specific transcript is present; however, 
this is useful for certain research questions and provides pre- 
liminary information that can later be explored quantitatively. 
For instance, a study that used this method investigated the 
effect of MHC class 1 DRB gene transcription on responsive 
inflammation of young California sea lions and found that 
transcription of distinct MHC-DRB loci was linked to respon- 
siveness, with a distinct pattern that changed throughout 
development (Montano-Frias et al. 2016). 

Many alternative technologies are used to measure the 
expression levels of specific gene(s). The quantitative PCR 
(qPCR) approach uses fluorescent dyes that bind to double- 
stranded DNA molecules and allows the quantification of the 
number of transcripts of a fragment specific to a gene of 
interest (Ginzinger 2002). Quantitation can be “absolute” (in 
comparison to well-quantified standards) or “relative” (e.g., 
in comparison to results for the same gene from different 
tissues, at different developmental stages, or under different 
treatment regimes); to control for different amounts of tissue 
extract analyzed, expression is typically also normalized to 
constitutively expressed “housekeeping” genes. Because it is 
a sensitive and specific method, qPCR is extremely useful to 
monitor responses to an infectious agent or a particular dis- 
ease condition. To run qPCR assays, it is necessary to have 
designed PCR primers for the selected genes. But it is possible 
to exploit gene sequence data of phylogenetically similar spe- 
cies or to use degenerate PCR primers designed from regions 
of moderate gene homology in distantly related species. 
Expression assays for selected genes have been conducted 
in various species, finding that variation in transcription lev- 
els reflects the geographically dissimilar environments that 
individuals experience, be it in terms of contaminants, patho- 
gens, or food limitation (e.g., Bowen et al. 2006, 2012, 2015; 
Sitt et al. 2008, 2016), and that species differ in the molec- 
ular pathways used to respond to a given challenge (e.g., 
Martinez-Levasseur et al. 2013). Additionally, qPCR can help 
detect whether a population is responding to a given stressor. 
For example, candidate gene transcription assays conducted 
on sea otters affected by the 1989 Exxon Vatpez oil spill had 
increased transcription of genes associated with oncogenesis, 
cell death, inflammation, and antiviral responses, in contrast 


to captive and wild sea otters from areas not affected by the 
oil spill (Miles et al. 2012). Together, these studies show that 
qPCR is an extremely useful tool, which can help identify 
populations experiencing effects related to recent and chronic 
exposure to contaminants, pathogens, and other stressors. 
Furthermore, the identification of genes whose expression 
can be used as biomarkers of environmental or pathogenic 
challenges or, even, to help determine disease etiology, would 
be of great diagnostic value for marine mammal studies and 
could provide timely warning of health problems. 

Functional genomics approaches differ from candidate 
gene—based qPCR analysis, in that the expression of many or 
even all gene transcripts are measured simultaneously. This 
approach can be extremely valuable for identifying novel 
genes and studying different biological processes at a molec- 
ular level on a broad ecological scale (Gracey and Cossins 
2003). If the interest is to determine the levels of expression 
of all of the gene transcripts of a given tissue, there are sev- 
eral methods that have been developed, and these vary in 
terms of their cost, reproducibility, and the amount of labor 
involved. These include protocols based on RNAseq, subtrac- 
tive hybridization of complementary DNA (cDNA subtraction; 
Diatchenko et al. 1996), serial analysis of gene expression 
(SAGE; Velculescu et al. 1995), and microarrays (Eisen et al. 
1998; Almeida et al. 2005). At the time this chapter was com- 
pleted, some of the methods we describe had not yet been 
used to investigate global patterns of gene expression in any 
marine mammal species. However, we include them here 
because they are relatively easy to conduct, require no prior 
genetic information for the species of interest, and therefore 
may be useful in future marine mammal studies (reviewed by 
Thomas and Klaper 2004). 

cDNA subtraction is a robust method that enables the 
comparison of two populations of messenger RNA (mRNA) 
and the identification of genes that are expressed differentially 
between the populations (Rebrikov et al. 2004). In the context 
of this chapter, the populations could be defined as individu- 
als from healthy (driver cDNA) and diseased (tester cDNA) 
groups. Biologically relevant samples (e.g., blood) are used to 
extract mRNA from the individuals, and this material is con- 
verted into CDNA. The cDNA samples from both populations 
are hybridized, and the resulting double-stranded cDNA is 
removed, leaving unhybridized single-stranded cDNA, which 
is isolated and probed, or ligated to create a cDNA library. 
The sequenced library will represent genes that are expressed 
in the diseased individuals but are absent in the healthy indi- 
viduals. The identified cDNA can then be used to develop 
macroarrays that allow the detection of differential levels of 
expression by hybridization of samples of interest (Rebrikov 
2008). For studies conducted in species for which few anno- 
tated nucleic acid sequences exist, the cDNA subtraction 
method can help produce transcriptomic data (Velculescu, 
Vogelstein, and Kinzler 2000). 

Another relatively inexpensive method that can easily be 
used when there are no genome data for a study species is 
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SAGE (Velculescu et al. 1995). This technique uses cDNA 
reverse-transcribed from mRNA isolated from a sample of 
interest. A small (~25 bp) fragment is tagged and excised 
from each cDNA sequence. The tags are used as primers to 
PCR-amplify the cDNA from where they were derived. The 
amplified fragments are bidirectionally sequenced and can 
be identified from genetic database searches. Based on the 
relative abundance of sequences, the gene expression pro- 
file for the tissue assayed can be described, thus enabling a 
quantitative assay of global gene expression in genetically 
uncharacterized organisms. 

Microarrays are coated solid surfaces (usually glass slides) 
on which a large number of expressed sequence tags (ESTs) 
can be spotted. Each EST spot is specific for a gene. cDNA 
extracted from individual samples is fluorescently labeled 
and incubated with the microarray chip, allowing hybridiza- 
tion with a DNA sequence. The cDNA-EST complex is vis- 
ible under UV light, enabling the quantitation of expression 
for each gene. In contrast to CDNA subtraction and SAGE, 
microarrays have already been used in marine mammal 
research. Specifically, this technique has been used to quan- 
tify immune responses, stress reactions, epidermal vitamin 
D3 transcriptomic response (Ellis et al. 2009), and responses 
to environmental contaminants in common bottlenose dol- 
phins (Mancia et al. 2007, 2015). 

It is unlikely that the microarrays developed for marine 
mammal research will have the complexity of those devel- 
oped for model organisms, for which there is markedly more 
extensive genome information available. However, this situ- 
ation will undoubtedly change in the short term, as more 
species are sequenced (see Cammen et al. 2016). Currently, 
high-quality reference genomes are available in GenBank 
Chttp://www.ncbi.nlm.nih.gov/genbank) or other online data- 
bases for a number of species, such as the common bottlenose 
dolphin (Lindblad-Toh et al. 2011; Vollmer and Rosel 2012; 
Foote et al. 2015), the killer whale GHGSC Marine Mammal 
Project)”, the (now extinct) Yangtze River dolphin (Lipotes 
vexillifer, Zhou et al. 2013), the bowhead whale (Balaena 
mysticetus; Keane et al. 2015), the Antarctic minke whale 
(Balaenoptera bonaerensis, Kishida et al. 2015), the com- 
mon minke whale (Balaenoptera acutorostrata, Yim et al. 
2014), the California sea lion (Edwards et al. 2013), the wal- 
rus (Odobenus rosmarus; Foote et al. 2015), the Antarctic fur 
seal (Humble et al. 2016a), and the Weddell seal (Weddell 
Seal Genome Consortium). Furthermore, there are efforts 
underway to complete the sequencing of the genome of other 
species, such as the finless porpoise (Neophocaena phocae- 
noides), the sperm whale (Physeter microcephdlus), and the 
fin whale, among others (see review in Cammen et al. 2016). 
In light of the increasing amount of genomes available, the 
potential to conduct gene expression assays in health and 
disease studies of different marine mammals is greatly 
expanding. 

RNAseq allows a precise method to determine gene 
expression levels, and it delivers unbiased and unparalleled 


information about transcription, even with limited prior 
knowledge of the study species’ genome (Peterson et al. 
2012). This technique relies on high-throughput sequencing 
to produce large quantities of data that can be quantified as 
individual gene transcripts and compared against a reference 
genome of the target species, or a closely related species, to 
determine their identity. Unlike microarrays, with RNAseq, 
there are no limitations on the number of target genes to be 
studied in a given sample (Martin and Wang 201). A number 
of studies have used RNAseq to investigate the transcriptome 
of immune-relevant tissues of marine mammals (Gui et al. 
2013; Hoffman et al. 2013; Khudyakov et al. 2015). Comparisons 
of transcriptomes between free-ranging and captive individu- 
als, across seasons or locations, with high and low contam- 
inant levels, or among individuals with particular diseases 
could identify predictive gene expression profiles that could 
become tools for health biomonitoring (Morey et al. 2016). 
To avoid spurious results, the experimental design should 
take into account intrinsic factors, such as sex, age, and tissue 
type, which could confound gene expression results. 


Epigenetic Analysis 


Epigenetics is a term used to describe how the expression of a 
gene can be changed or maintained stably by an array of pro- 
cesses, such as DNA methylation, histone modification, and 
chromatin organization, that do not involve mutation of the 
gene sequence and that are mitotically or meiotically heritable 
(Migicovsky and Kovalchuk 2011). Epigenetic modifications 
have been associated with the occurrence of chronic degen- 
erative diseases and impaired immune function in humans 
(Obata, Furusawa, and Hase 2015). Many epigenetic changes 
are mediated by environmental factors, including diet, pollut- 
ants, stress, and climate variations, as well as maternal stress 
(Palmer 201). In turn, epigenetic modifications can medi- 
ate the influence that various environmental factors, includ- 
ing heavy metals, pesticides, and thermal stress, have on an 
individual. Environmental epigenetic questions have begun 
to be addressed in wildlife (e.g., Parrott et al. 2014; Alvarado 
et al. 2015; Romano et al. 2016). However, epigenetic research 
in marine mammals has been limited, with only one study 
(examining epigenetic modifications as a way of estimating 
age in humpback whales) completed to date (Polanowski 
et al. 2014). Taking into account that epigenetic changes can 
affect immune competence, and that epigenetic modifications 
can be transgenerational, including this tool in marine mam- 
mal research could be relevant for understanding the intrinsic 
factors that influence disease occurrence. 

Techniques for examining epigenetic patterns also vary in 
scope, technical difficulties, and cost (Li et al. 2013). Changes 
in global DNA methylation can be measured easily, and at 
relatively low cost, with liquid chromatography-tandem mass 
spectrometry (Kok et al. 2007). Other methods are based on 
microarrays, hybridization, and high-throughput sequencing 
(Li et al. 2013). The advantage of the latter is that methylation 
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(modified nucleotide 5-methylcytosine) levels can be quanti- 
fied directly, and with high resolution, in relevant selected 
genes (e.g., Polanowski et al. 2014). 


Genetic Tools for Pathogen Detection 
and Monitoring of Epidemics 


Genetic tools can be used to detect pathogens in tissues from 
live and dead marine mammals (see Chapter 13), and also 
to trace the origins of particular pathogens or monitor their 
spread during epizootics. For example, during the 2002 out- 
break of distemper in the European harbor seal, RT-PCR was 
used to determine the origin and trace the spread of the epi- 
demic. This approach allowed researchers to find evidence 
that the gray seal, a species that overlaps the harbor seal 
distribution in Europe, might act as a reservoir for the pho- 
cine distemper virus (Duignan et al. 2014). Similar genetic 
approaches have been used to examine the origin of influ- 
enza infections in harbor seals (Anthony et al. 2012) and to 
identify the infective serovar responsible for outbreaks of lep- 
tospirosis in the California sea lion (Zuerner and Alt 2009). 
In addition to the use of genetic tools to diagnose specific 
infectious diseases (see Chapters 17-21), high-throughput 
sequencing techniques have been used to identify the etiol- 
ogy of unusual mortality events (Bowen et al. 2015), as well as 
to characterize the microbiomes of marine mammal species 
(e.g., Li et al. 2011; Apprill et al. 2014; Godoy-Vitorino et al. 
2016). If used together with genetic, genomic, and immune 
indicators of health status, the metagenomic approaches can 
help identify novel potential pathogens (Nelson et al. 2015) 
or detect shifts in microbiomes related to specific disease 
conditions. 


Sample Collection and Preservation 
for Genetic Analyses 


To conduct DNA-based genetic analyses, it is critical to obtain 
tissue samples from which good-quality material can be 
extracted, and preserve these tissues adequately. Scientific 
research that involves wild animals currently attempts to 
minimize handling and refine methods to avoid stress dur- 
ing sampling. Marine mammalogy is not an exception, and 
several methods have been proposed for noninvasive sam- 
pling for genetic analysis. Noninvasive collection of feces 
(e.g., Tikel, Blair, and Marsh 1996; Gillett, White, and Rolland 
2008), sloughed skin (e.g., Swanson et al. 2006), fur (e.g., van 
Coeverden de Groot et al. 2013), exhaled breath condensate 
(e.g., Acevedo-Whitehouse et al. 2009; Frere et al. 2010), and 
mucosal swabs (e.g., Espinosa-de Aquino et al. 2017) poses 
the advantage of enabling genetic analyses in species that 
can be difficult to handle, and have been shown to yield 
DNA that can be used in various genetic analyses (Waits and 
Paetkau 2005). However, DNA yield and quality can be low 


(Taberlet, Luikart, and Waits 1999), and some downstream 
applications, such as those that use high-throughput sequenc- 
ing platforms, require moderate amounts of high-quality DNA, 
which would necessarily demand other sources of DNA, such 
as skin biopsies or blood. 

The research question(s) will also determine the type of 
sample needed. For studies that are interested in genotyp- 
ing specific genes or gene fragments (e.g., the MHC peptide- 
binding regions) or noncoding markers (e.g., microsatellites), 
any source of nondegraded DNA will suffice. Since DNA is rel- 
atively stable, if care is taken to avoid contamination, it is pos- 
sible to obtain workable material from dead animals (mainly 
from the skin and connective tissue), even if the carcasses are 
not fresh (Escorza-Trevifo, Lux, and Costa 1997). Although 
DNA can even be extracted from formalin-fixed, paraffin- 
embedded (FFPE) tissues, the DNA tends to be damaged, and 
downstream applications need to compensate for short DNA 
segments (Sengiiven et al. 2014). In contrast, RNA-based tools 
require fresh samples from tissues where the gene(s) of inter- 
est is expressed. For studies with live marine mammals, this 
limits the type of samples that can be procured. 

Preservation of the collected samples prior to analysis is 
critical. Once again, preservation will depend on the focus of 
the study. DNA can be preserved by various methods. When 
working with marine mammals, the choice of preservation 
technique will depend on what is available and realistic in 
the field or sampling site. Freezing (-20°C) is an excellent way 
to preserve DNA, although immersing the tissue in agents 
that neutralize degradation allows preservation of DNA integ- 
rity even at high ambient temperatures. Most commonly used 
agents are saturated salt solution with 20% dimethylsulfox- 
ide added to aid rapid penetration into the tissue (Amos and 
Hoelzel 1991) and ethanol (ideally at 96%). In both cases, 
maintaining a high solution-to-tissue ratio (~ 3:1) is essential 
(Robertson et al. 2013). RNA is much more labile, and errors in 
preservation will greatly impact downstream analysis. Tissue 
collected for gene expression assays or transcriptomics are 
typically cryopreserved (-120°C to —80°C) immediately after 
collection. In the field, the use of RNA preservative buffers 
can maintain the sample without cryopreservation for some 
time, depending on the ambient temperature. It is essential to 
maintain an adequate RNA preservative buffer-to-tissue ratio, 
at least 5:1 (Riesgo et al. 2012). 


Scope, Pitfalls, and Limitations 


These are exciting times to conduct research on marine 
mammal health and disease. Technical advances have gen- 
erated a myriad of tools that can be used to address issues 
at a depth that was not possible a decade ago. Available 
genetic and genomic resources for marine mammalogists are 
increasing rapidly, with genomes of several species already 
fully or partially sequenced, and with microarray platforms 
and genomic assays being developed for some sea lion and 
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dolphin species, with high possibilities of wider applicability 
to other marine mammals. In addition, a number of sam- 
pling tools and protocols have been developed for marine 
mammal species, which were traditionally difficult to sample. 
Marine mammalogists of the twenty-first century have access 
to many genetic resources and a fertile ground in which to 
sow interesting and creative research questions pertaining to 
health and disease. However, we do not advocate jumping 
blindly on the “omics” bandwagon; rather, we believe that it 
is essential to select the tools that best help respond to scien- 
tific questions and that are realistic to use in terms of funds, 
sample sizes, and logistical limitations. 

Particular care must be taken when using modern genetic 
tools. For instance, high-throughput sequencing platforms 
vary in terms of error rate and base-calling approaches (Magi 
et al. 2010). Similarly, when developing SNPs for candidate 
gene association studies, study power and prior probability 
need to be taken into account to control false discovery rates 
(Thomson 2001). The use of transcriptomics in marine mam- 
mal research also faces challenges, as it is imperative to try to 
account for linkages among environmental stressors, expres- 
sion of specific genes, and potential consequences for fitness, 
to avoid erroneous interpretation of the data. Furthermore, 
crucial to disease-focused gene expression and functional 
genomics assays is the corroboration of the results by running 
qPCRs (Ellis et al. 2009), and the development of a “baseline” 
upon which the assays can be based. The latter is complicated 
for studies on wild marine mammal populations, although in 
vitro experiments could help generate some level of base- 
line data. Finally, as the technology grows and develops, so 
does the amount of data that is generated. High-throughput 
sequencing on the larger instruments now in use can gener- 
ate hundreds of millions of short sequences in a single pro- 
cess (Zhang et al. 2011). Handling such massive amounts of 
data represents potential problems in terms of data manage- 
ment and analysis, and can be virtually impossible without 
advanced bioinformatics methods. Despite these potential 
drawbacks and difficulties, we envisage that the next decade 
will be characterized by rapid advances in our comprehen- 
sion of the genetic and epigenetic components that influence 
marine mammal susceptibility to pathogens and disease and 
of how environmental factors can alter this association. This 
knowledge could prove to be useful to help identify marine 
mammal populations at risk of disease outbreaks. 


Conclusions 


The field of marine mammal genetics has grown consider- 
ably since the last edition of this book. Tools, technology, 
protocols, and applications of these methods are incred- 
ibly diverse, and those interested in using such techniques 
to study marine mammal disease and health could benefit 
greatly from incorporating such methods. The examples, ref- 
erences, and discussions presented here are meant to interest 


the readers in conducting research in these topics and includ- 
ing these genetic tools in their research. The culmination of 
these efforts would be a comprehensive system of marine 
mammal health surveillance and, in combination with moni- 
toring of population demographics and community stability, 
could provide an early warning system for populations and 
ecosystems at risk from changes in the marine ecosystem. 
Marine mammalogy will undoubtedly benefit from these 
approaches in the near future. 
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Introduction 


The primary goal of a necropsy is to establish cause of death. 
Yet, of equal importance is the opportunity to collect both 
samples (to archive) and data (to catalog) on subclinical dis- 
eases and life history parameters, including reproductive 
status, age, diet and nutritional state, anatomy, and genetics. 
These data can be used to establish disease patterns, docu- 
ment the effects of human interactions, and identify endemic 
and novel diseases in marine mammals. Review of necropsy 
findings and results from ancillary diagnostic studies can 
ultimately direct management strategies to mitigate factors 
causing disease or death. Over the last decade, there has 
been rapid development, refinement, and application of novel 
diagnostic and research modalities that have significantly 
advanced the recognition of specific disorders in dead marine 
mammals. In addition to conventional diagnostic studies of 
necropsy, histopathology, bacteriology, toxicology, virology, 
and molecular studies, incorporation of postmortem imaging 
investigations (by computed tomography [CT] or magnetic res- 
onance imaging [MRI]; Moore et al. 2009; Dennison et al. 2012; 
see Chapter 24), mass spectrophotometry analysis of intra- 
vascular gas bubbles (Bernaldo de Quiros et al. 2013a and b), 
molecular sequencing, protocols to standardize carcass evalu- 
ation for evidence of anthropogenic interactions (Moore et al. 
2013), and ultrastructural studies of ears to assess for auditory 
injury (Morell et al. 2015, 2017) are contributing invaluable 
information to marine mammal health and disease data. 

The focus of this chapter is to provide an overview of 
gross necropsy and specimen collection protocols for marine 
mammals. It is not our intention here to develop new pro- 
tocols, but to outline the more important aspects of a nec- 
ropsy examination and reference some of the excellent and 
detailed protocols already published. It is important to note 
that collection and retention of salvaged marine mammals 
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and tissues may require appropriate permits, and prior to 
commencing any postmortem investigations, authorization 
should definitely be sought. In North America, for example, 
this work is under the auspices of the Marine Mammal Health 
and Stranding Response Program of the National Oceanic and 
Atmospheric Administration (USA), Department of Fisheries 
and Oceans (Canada), and Procuraduria Federal de Protecci6n 
al Ambiente (Mexico). Most developed countries have similar 
national and/or regional agencies that should be consulted 
(see Chapter 1 and Appendix 5). International organiza- 
tions such as the International Whaling Commission (IWC), 
International Council for Exploration of the Seas (ICES), and 
Arctic Monitoring and Assessment Program (AMAP) may pro- 
vide further guidance. With the advent of specialized research 
and reference diagnostic laboratories throughout the world, 
consultation with the appropriate federal or national authority 
is strongly recommended prior to any international shipment, 
to ensure that authorizations and declarations are in place 
prior to transport. All cetaceans receive protections under the 
Convention on International Trade in Endangered Species of 
Wild Fauna and Flora (CITES; http://www.cites.org) and are 
designated a minimum status of CITES Appendix H, when 
appropriate export permits are warranted for transnational 
shipments. In addition, all CITES Appendix I designated ani- 
mals require both CITES import and export permits listing 
the appropriate scientific name of the species and the nature 
of the tissue samples. 


Necropsy Examinations 
and Specimen Collection 


Logistics 


The diversity of marine mammal species, oceanographic, 
climatic, and coastal features, and access to local stranding 
sites, can present unique challenges to recovery and postmor- 
tem examination of dead marine mammals. Animals may be 
reported offshore or beach cast in remote and occasionally 
inhospitable locations. Human safety in pursuing necropsy 
of these animals is paramount, and efforts to secure and tow 
animals to more accessible beach or boat ramp sites may be 
contingent on the postmortem state of the animal, financial 
resources, enforcement or forensic investigations, boat avail- 
ability, and whether the animals are endangered, threatened, 
or of intrinsic scientific interest. In populated areas, there is 
a balance in controlling access around the necropsy site to 
ensure public safety, while still educating and increasing pub- 
lic awareness about the benefits of conducting postmortem 
examinations and threats to marine mammals. A number of 
infectious agents are recognized in marine mammals, which 
may pose significant public health concerns (see Chapter 4), 
so use of appropriate personal protective equipment (PPE) is 
recommended. Other potential risks include scavengers, such 
as bears in remote areas and sharks around floating carcasses. 


Ideally, carcasses should be recovered and transported to a 
diagnostic or research facility for necropsy, under controlled 
and secured conditions. Prior to movement, carcasses should 
be photographed where first discovered, as this may provide 
insight into events at death. 

For some larger animals, field postmortem may be the 
only option available, with personnel and equipment trans- 
ported to the carcass location. Field kits should be strategi- 
cally deployed in caches along larger coastal regions; or a 
subset of instruments, sample containers, and necropsy data 
sheets prepared, at the ready, and transported at the time 
of necropsy. A list of equipment is provided in Box 13.1. 
Having prepacked necropsy kits allows rapid response to car- 
casses when field conditions are suitable (e.g., low or ebb 
tide, no precipitation). Since some stranding locations may be 
difficult to access, using a backpack, tool kit, or roller-pack to 
carry equipment is useful. 

The extent of postmortem examination and tissue sam- 
pling of an animal may also be determined by the position of 
the animal on the beach (recumbency), carcass code (Table 
13.1), availability of heavy equipment, and necropsy team 
experience. For larger animals, animals may be floated, repo- 
sitioned, and secured by long line on a beach at high tide, 
with access for necropsy during ebb and low tides. Injection 
of compressed air into the abdomen can help refloat and 
move large carcasses where tidal range is limited. Smaller 
animals should be removed to above the high tide mark. 

Smaller animals may be frozen intact for transport or nec- 
ropsy at a later date. Logistically, this may facilitate transfer 
and ultimate postmortem examination of an animal, however, 
prolonged freezing or freeze-thaw may result in loss of more 
fastidious pathogens and compromise histopathology results. 
When freezing is necessary prior to transport of a carcass 
for complete necropsy, it may be possible to collect a sub- 
set of diagnostic samples before freezing, so that histopathol- 
ogy and valuable data on pathogens are not compromised by 
freeze-thaw degradation. 

Prior to mass stranding events, contingency plans should 
be prepared, (practiced if possible), and at the ready, to ensure 
that prompt necropsies and targeted sampling are performed on 
any individuals that die. Prepare a plan for carcass selections as 
well, to ensure that in the event that a large number of animals 
die, resources and personnel are not overwhelmed (Jepson and 
Deaville 2017b). It is important to assess carcass code (Table 
13.1 details carcass code conditions) during these events to 
determine if mortalities are ongoing over time, or occurred simul- 
taneously, and to determine the relative value of each necropsy 
examination. Mass strandings associated with catastrophic envi- 
ronmental or emergency events may quickly overwhelm local 
or regional resources, and activation of the Incident Command 
System (ICS) may also occur (see Chapter 2). Prior training and 
familiarity with this scheme should be encouraged for personnel 
involved with stranding and response programs. 

At the time of a field necropsy for a large animal, teams 
may be identified and tasked with completing morphometric 
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BOX 13.1 NECROPSY AND SAMPLING EQUIPMENT CHECKLIST* 


L] Morphometric data sheets, gross necropsy forms, human interaction forms, and sample collection checklists 
L] Dissecting instruments, scalpel handles and blades, scissors, forceps, knives 


LJ Sharpening steel and oil stones 


LJ Flensing knives with retraction hooks, chain, reciprocating saw or hacksaw, hammers, chisels 

L] Retractors and come-alongs with lengths of rope (up to 20 m) 

LJ Sterile instruments, propane torch/gas burner, and searing spatula for sterile culture collection 
L] Flood lamps, gas generator, flashlights, and/or headlamps with extra batteries and light bulbs 


L] 10% neutral buffered formalin G—-10 L) 


L] 4% buffered glutaraldehyde or suitable EM fixative 0-20 ml split in multiple small vials) 
L] 20% DMSO/saturated saline solution for genetic analysis (5 ml) 


L] Isopropyl alcohol for flaming instruments 


L] RNAlater (Thermo Fisher Scientific) for samples for future molecular analysis (5-20 ml split in multiple small 


vials) 


LJ Sample collection containers with lids, including ice chest, dry ice, and liquid nitrogen Gf possible) 

CL] Bacterial and viral culture swabs with transport media 

LJ Red top serum tubes for fluid, blood, and urine collection 

LJ Aluminum foil, Teflon bags, and plastic bags/Whirl-Paks for freezing tissues 

LJ Paper for notes, labels, and waterproof (Sharpie) marking pens 

[] Tape measure (metric), at least 20 m long, and small 12-15 cm plastic rulers 

L] Personal protective equipment (PPE): coveralls, aprons, boots, gloves, caps, masks, protective eye and head 


gear 


CL] Digital camera, extra batteries, with additional memory cards 


L] Labels to identify digital images 
L] First aid kit 
L] Plastic tarps, 10 m in length 


L] Plastic tape and pylons to cordon off necropsy site 


L] Ice chest or cooler with ice to hold fresh samples 


L] Garbage bags, dish soap, disinfectant, scrub brushes, paper towels for cleanup 


*Note: This equipment checklist represents an ideal situation. Postmortem exams can be completed with less equipment. 


data sheets, external photo-documentation, laying out instru- 
ments, preparing disinfectant washes, identifying a knife 
sharpening area, managing sample disposition forms, label- 
ing sampling containers and bags, and preparing a tissue dis- 
section station. For field postmortems, the immediate area 
around the carcass should be assessed, and workstations and 
rest or refreshment areas identified. Instruments should be 
sorted and laid out in a readily accessible flat surface area 
with cleaning and sharpening stations nearby. A separate area 
identified for tissue subsampling, inventory, and disposition 
should be conveniently located to facilitate harvest, process- 
ing, and transfer of tissues to appropriate preservatives or 
placement in labeled plastic bags for freezing. Ideally, up to 
three individual replicate samples of each tissue should be 
archived for diagnostic studies, research investigations, and 
legacy collections. As instruments are used and replaced dur- 
ing the postmortem examination, it is imperative that they 
are appropriately cleaned and, in the case of knives, sharp- 
ened and ready for reuse during the necropsy. Smaller instru- 
ments may be rinsed, scrubbed, and then placed in a tray of 


disinfectant or laid out for reuse. Knives should never, even 
for a short time, be put down on a carcass. 


Protocols, Data, and Forms 


There is no single template or necropsy protocol that encom- 
passes all marine mammals; however, species-specific nec- 
ropsy protocols and tissue sampling procedures to screen for 
specific entities have been developed (Table 13.2). Necropsy 
protocols should be standardized as much as possible to 
facilitate cross-species and regional analyses of findings, data 
sharing, and research development. 

Before any tissues are incised, a thorough external exam- 
ination of the animal should be conducted to assess nutri- 
tional status, postmortem code, and record and photograph 
any gross lesions. It is helpful to assign a number to each 
external lesion. This allows linkage of photographs, samples, 
measurements, and descriptions as the case material is pro- 
cessed, analyzed, and reported. It is important to distinguish 
between lesions that were present at the time of death and 
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Table 13.1 Classification of Carcass Condition 
Code Definition Gross Appearance Specimen Collection Interpretation 
1 Live Morphometrics, blood, 
biopsies, urine, infectious 
diseases, diagnostic 
imaging 
2 Freshly dead No bloating; minimal drying and wrinkling All types of specimens Bacterial overgrowth may be 
“edible” of epidermis in cetaceans and manatees should be collected observed on cultures or 
or dermis and epidermis in pinnipeds histology; some autolysis 
and otters, and of eyes and mucous noted on histology 
membranes; muscles firm; blubber firm 
and white or yellow; internal organs 
intact; liver still with physical integrity 
3 Moderate Slight bloating with tongue and penis Morphometrics, gross Autolysis often masks 


decomposition 


protruding; some skin sloughing and 
cracking; eyes sunken; blubber may be 
blood-tinged; muscles soft; all internal 


pathology, parasitology, 
genetics, life history, some 
histology 


histological assessment; 
decomposition may alter 
enzymatic, biochemical, and 


organs including liver still have gross 

integrity but are soft and friable 

4 Advanced 
decomposition 
integrity and are extremely friable; 


blubber with gas pockets and pooled oil 


5 Severe Mummified; skeletal 


decomposition 


Bloated; missing patches of epidermis 
and hair; internal organs show lack of 


chemical analyses, including 
lipid quality and quantity 

Autolysis often masks cause 
of death; bloating and 
autolysis may alter 


Morphometrics, gross 
pathology, parasitology, 
genetics, life history 


morphometrics 
Limited morphometrics, age, | Cause of death only rarely 
skeletal pathology, genetics determined 


those that were “added” to the animal postmortem prior to 
the necropsy, such as those inflicted by tow ropes, lifting 
straps, and gravity within textured body bags. 


Decomposition 


Carcass code should be determined as a first step in a necropsy 
examination (Table 13.1). The carcass code or degree of post- 
mortem decomposition will dictate the extent of field morpho- 
metrics, tissue sampling, and interpretation of diagnostic findings 
(Geraci and Lounsbury 2005). In large whales, postmortem gas 
may exert sufficient pressure to extrude the tongue, rectum, 
umbilicus, penis, vagina, or uterus, and caution should be exer- 
cised with gentle incision to allow for slow release of the gas. 
The blubber layer may be attenuated and discolored 
through decomposition and liquefaction, hindering quantitative 
and qualitative assessment of the nutritional status of the ani- 
mal. In those animals that present in code 2 or 3 (Table 13.1), 
blubber color, characteristics, and thickness should be recorded. 
Focal blubber hematoma and edema may be indicative of blunt 
trauma and include damage to underlying tissues. Animals in 
robust body condition tend to ooze oil on incision of the blub- 
ber, which may appear homogenous and glistening. By contrast, 
for animals in suboptimal or catabolic states, it is not unusual 
to observe laminar pale to dark red discoloration of the basal 
half to third of the blubber layer, attributed to increased vascular 
perfusion and peripheral mobilization of fat stores (Koopman, 
Iverson, and Gaskin 1996). In addition, with animals in poor 
condition, there is little fat seepage, and the stroma may be 


more prominent, fibrous, and dull. Full-depth blubber with skel- 
etal muscle tags should be collected either along the midlateral 
aspect of the thorax, between ribs 6 and 10, or from the dorsolat- 
eral aspect of the thorax, craniolateral to the dorsal fin, and then 
wrapped in aluminum foil and frozen (20°C). The midlateral 
chest wall is the area of more rapid peripheral lipid mobiliza- 
tion of fatty acids from blubber, whereas the more dorsolateral 
region is typically targeted for biopsy of live animals in the field. 
In pinnipeds, midsternal blubber thickness and characteristics 
should be recorded. The skin can be used for genetic analysis 
and blubber samples to screen for fatty acid signatures, contami- 
nant loads, and hormones. 

In some animals that are autolyzed or frozen, dark red 
serous fluid may accumulate in the subcutis and abdominal 
and thoracic cavities, so exercise caution with interpretation 
of this fluid. The serosal surfaces of viscera should be closely 
scrutinized for possible fibrin tags that may suggest an acute 
peritonitis or pleuritis with serosanguinous effusion. In most 
cases, this fluid represents postmortem or freeze artifact. 


Morphometrics 


Prescribed morphometric measurements for different age classes 
and species have been well developed (Table 13.2), and for 
consistency, and cross-data analyses, an attempt to complete 
as accurate a recording as possible is recommended. Straight 
lengths of animals should be measured with a tape, and units 
recorded as centimeters. For pinnipeds, the animal is best laid 
in dorsal recumbency to flatten the spine. Small cetaceans are 
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Table 13.2 Marine Mammal Necropsy and Tissue Sampling Protocols in Chronological Order (from Most to Least Recent) 


Reference and Source 
Jepson and Deaville 2017a 


Jepson and Deaville 2017a 

Jepson and Deaville 2017b, 2010 
Pl6n et al. 2015 

Lane et al. 2014 

Raverty, Gaydos, and St. Leger 2014 
Moore et al. 2013 

Eros et al. 2007 


Pugliares et al. 2007 


Geraci and Lounsbury 2005 


Hensley, Bossart, Ewing et al. 2005 
McLellan et al. 2004 
Duignan 2000 


Read and Murray 2000 
Jefferson, Myrick, and Chivers 1994 


Kuiken 1994; Kuiken and Hartmann 1991 


Dierauf 1994 
Bonde, O’Shea, and Beck 1983 
Mazzariol and Centelleghe (undated) 


Mazzariol, Cozzi, and Centelleghe (undated) 


Higgins and Noad (undated) 


Comments 

Necropsy and sample collection protocols for stranded cetaceans in the United 
Kingdom. 

Necropsy and sample collection protocols for mass stranded cetaceans in the United 
Kingdom. 

Necropsy and sample collection protocols for stranded pinnipeds in the United 
Kingdom. 

Region specific necropsy and sampling protocol for cetaceans. 

Diagnosis of bycatch in small odontocetes in South African waters. 

Species-specific necropsy and tissue sampling protocol for killer whales (Orcinus orca). 

Series of six multiauthor papers on gross and histopathologic diagnosis of 
anthropogenic traumas in cetaceans and pinnipeds, caused by boat strike, 
entanglement, entrapment, and gunshot. 

Species and region specific for dugong (Dugong dugon). Stranding network, incident 
response, necropsy technique and sampling, diagnosis of cause of death. 

Necropsy manual and sampling protocols for pinnipeds and cetaceans. Written for 
biologists. 

Most comprehensive guide for stranding response. All marine mammal taxa and 
international focus. Necropsy technique, sample necropsy reports, specimen and data 
collection, forensics and chain of custody, NOAA stranding reports and level A data 
collection, evaluation of carcasses for human interaction. 

Species- and organ-specific dissection and sampling manual for pygmy sperm whale 
(Kogia breviceps) heart. 

Species-specific necropsy and sampling protocols for right whale (Eubalaena spp.) 
necropsy. 

All taxa in Australia and New Zealand. Necropsy procedures, sampling for diagnostics, 
listing of toxicology laboratories in Australia and New Zealand. 

Photographs of typical bycatch lesions in small cetaceans. 

Small odontocetes only. Necropsy equipment, illustrated dissection techniques, 
appendices with forms, sampling collection, and handling procedures. US focus. 

Diagnosis of bycatch in cetaceans only. European focus. Collection of papers on gross 
and histological findings in bycaught cetaceans from NW Europe and the Black Sea. 

Pinniped forensic, necropsy, and specimen collection step-by-step guide. 

Species-specific protocols for West Indian manatee (Trichechus manatus). 

Standard protocol for postmortem examination on cetaceans. Necropsy and sampling 
protocol adapted for cetaceans endemic to the Adriatic Sea, Italy. 

Handbook for cetacean strandings. Multiauthored collection of papers on necropsy of 
odontocetes and baleen whales, diseases of cetaceans in the Mediterranean, 
anthropogenic mortality, and response to live strandings. 

Necropsy and sample collection protocols for cetaceans, with a focus on Australia. 


necropsied in lateral recumbency. Blubber thickness is typi- 
cally measured from the epidermal—dermal junction to the 
base of the blubber, and in those cases where full-thickness 
measurements include the skin, the epidermal thickness 
should be recorded separately. For animals that are too large 
to record full circumferences, or where tape measures cannot 
be readily passed underneath the torso, doubling of measured 
half circumferences still provides valuable data. The degree 
of bloating should be noted. For baleen whales, measures of 
pleat lengths and their proximity to the umbilicus should be 
recorded along with the number, color, and maximum length of 
plate arcades. An intact baleen plate Congest present) may be 


collected, and in some species, earplugs should be harvested. 
These tissues can be analyzed for retrospective records of 
stable isotopes, reproductive and stress hormone levels, and 
contaminants (Trumble et al. 2013; Hunt et al 2016). 


Photographs 


Photographs may be recorded by a digital or digital single-lens 
reflex (DSLR) camera with either a 16-35 mm, 70-120 mm, 
or 60 mm macro lenses, and an appropriate scale with ruler, 
animal species, case log or identification number, and date 
should be included in the image. A wide-angle image to place 
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the position of the lesion in topographic context should be 
taken, followed by intermediate and higher-magnification 
photographs to record significant details. Photographs of nor- 
mal anatomy are also valuable. A photographic log and brief 
description of the anatomic location and abnormality should 
be maintained. In some instances, strategically positioned sta- 
tionary video recorders or use of head cams (e.g., GoPro) may 
be considered to document lesions and the necropsy proce- 
dure. Pathologists should be forewarned of video and voice 
recording or live streaming of necropsies to avoid the use of 
inappropriate language. 


Dissection 


With gross lesions, samples for histopathology should encom- 
pass both normal and abnormal portions of the tissue, and 
should be no more than 0.5-1.0 cm in thickness and up to 
1-2 cm? on cut surface. Individual organs or anatomic loca- 
tion of sampled tissues for histopathology may be identified 
by use of attached laundry tags, cassettes, or labeled plastic 
bags. The volume of tissue—formalin should be 1:10 to ensure 
adequate fixation. Tissues with excess blood or sand should 
be rinsed with clean seawater prior to placement in formalin, 
and if the solution becomes too bloody, the formalin may 
be decanted and replaced. In the interest of safety, formalin 
may not be transported to some necropsy sites, and in these 
circumstances, samples may still be harvested and placed 
in a bucket, and then chilled until formalin is later added. 
Samples for fixation in RNAlater (for preserving RNA; Thermo 
Fisher Scientific) or glutaraldehyde (for electron microscopy) 
should typically be minced on a clean disinfected surface, 
and placed in solution, observing the same 10:1 fluid-to-tissue 
ratio. Consultation with the reference laboratory or investi- 
gators prior to tissue sampling and collection should ensure 
appropriate handling. In a diagnostic or laboratory setting, 
similar sampling strategies may be pursued. 

The approach will be contingent to some extent on the 
position and postmortem state of the animal, work site access, 
and safety concerns. For animals in moderate to good post- 
mortem condition and in dorsal or lateral recumbency, full- 
thickness transverse 0.5-1.0 m spaced parallel incisions of the 
blubber extending from the anus cranially to the back of the 
skull may be made. Horizontal cuts as high as possible along 
the flank of the animal will connect the transverse cuts and 
facilitate reflection of the blubber layer; in some instances, 
the fascia may be incised by a knife or flensing tool, or if 
necessary, traction may applied by hooks or chains attached 
to backhoes or other large equipment. As the blubber is 
reflected, the underlying tissues should be closely examined 
for abnormalities and appropriate tissues harvested. Once the 
blubber is completely reflected, it may be cut along the base 
and removed. On occasion, requests are made to have the 
blubber remain attached to facilitate cleanup and disposition 
of the carcass at sea, and caution should be exercised by pro- 
sectors, because the exposed surface can be slippery. 


After the blubber has been removed, one team of prosec- 
tors may incise the abdominal wall, typically along the caudal 
margin of the ribs (Costal arch), and dorsally, along the contour 
of the abdominal cavity, to the level of the rectum. Care should 
be exercised not to inadvertently cut internal viscera. As the 
abdominal wall is retracted, the cavity should be examined for 
any fluids or exudate, and appropriate samples collected in ster- 
ile containers for laboratory analysis and microbiology. Once the 
abdomen is fully exposed, the viscera should be photographed 
and assessed in situ for any abnormalities. In larger animals, 
routine tissues should be harvested and transferred to the dissec- 
tion and sampling station (for subsampling). In smaller animals, 
intact viscera may be removed en block and placed on clean 
tarpaulins for examination and tissue processing. To minimize 
potential cross-contamination, if there are sufficient personnel, a 
separate team may be assigned to expose and examine the tho- 
racic cavity. This is typically accomplished by transection of the 
costochondral junctions and incision of the intercostal muscles 
to release and remove individual ribs. In some instances, gar- 
den shears, a butcher’s handsaw, or a chain saw may be used 
to facilitate access to the thoracic viscera; however, this should 
only be conducted after consultation to confirm that a cosmetic 
necropsy is not required. Chain saws should only be deployed 
where absolutely necessary and by skilled personnel wearing 
appropriate PPE. In some animals, to avoid transecting ribs, the 
diaphragm may be excised using an abdominal approach, with 
the dorsal and ventral mediastinum incised along its vertebral 
and sternal attachments, the trachea and esophagus transected 
at the level of the thoracic inlet, and then the heart and lungs 
retracted caudally from the thorax. 

In larger animals, the heart and lungs may be examined 
in situ, and appropriate samples harvested through a “win- 
dow” in the intercostal muscles. For specific disease entities, 
intravascular gas, pericardial fluid, or postmortem heart blood 
may be collected for analysis. Representative lung samples, 
particularly from the cranioventral, hilar, and caudal lung 
regions, should be collected. If possible, the skull may be dis- 
articulated from the first cervical vertebra and brain samples 
collected either via the foramen magnum (an “apple core” 
approach) or by removal of part of the skull (occipital bones 
for dorsal access or through the roof of the mouth for ven- 
tral exposure). Due to increased awareness of acoustic-related 
trauma in cetaceans and pinnipeds and the specialized dis- 
section and processing of extracted ears, a separate section 
with protocols is presented later in the chapter. If gas bubbles 
are identified in either the renal capsule or the mesenteric, 
epicardial, or pulmonary vasculature, detailed gas sampling 
protocols have been developed and are also included below. 

To complete a full necropsy, the epaxial and hypaxial 
skeletal muscle should be removed and examined along with 
the vertebrae for possible physical injury or trauma, as well as 
degenerative changes and signs of infectious disease. 

In large whales, when access is limited by the location or 
position of the whale, or time available to access the animal, 
individual portals or windows may be cut into the abdomen 
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and thorax to visualize organs and facilitate retrieval of sam- 
ples (‘window approach method”). Typically, these may be 
1 x 3 m incisions into the blubber and underlying tissues 
immediately cranial to the rectum (to sample the colon, col- 
lect urine, and possibly evaluate gonads or kidneys); cranial 
limit of the abdominal cavity (to access the stomach and pos- 
sibly collect small intestine, spleen, pancreas and liver); and 
mid to cranial third of the thoracic cavity (to expose the heart, 
lung, and regional lymph nodes). This technique is valuable 
for expedited collection of tissues to screen for infectious dis- 
ease, harmful algal blooms (HABs), and histopathology. 

In smaller animals with suspected trauma, radiographs and 
MRI or CT scans may prove invaluable in basic anatomic inves- 
tigations, as well as to document injuries; however, these studies 
should only be pursued in consultation with radiologists, research 
scientists, and stranding response coordinators, when imaging 
facilities are readily accessible (Moore et al. 2009). In cases where 
overexposure or excessive noise is suspected as the cause of 
stranding, heads should be removed and ears exposed, recov- 
ered, and perfused with fixative as soon as possible for analysis. 
If there is evidence of blunt force, penetrating, or perforating 


injury, similar imaging studies may prove valuable in document- 
ing the trauma and recovery of projectiles or bullets (Moore et al. 
2013). Ultimately, the number and experience of the personnel 
involved with a necropsy will provide some guidance, in terms 
of what may be accomplished in a specific time frame. 


Histopathology 


Histologic examination provides insight into microanatomy and 
morphological changes associated with disease, pathogens, tox- 
ins, and trauma, and is vital for pathology. Tissues (see Box 
13.2) collected should be no larger than 3 x 3 cm and ideally 
0.5 cm in thickness. If larger samples are collected, numerous 
parallel cuts should be made in the tissue to improve fixative 
penetration. For standard evaluations, all tissues should be 
preserved in 10% buffered neutral formalin at a ratio of 1:10, 
tissue to fixative. For specific studies, other fixatives may be 
preferred, but maintaining standard histological fixation must 
become routine for marine mammal mortality investigations. 
All tissues from the same animal can be placed in the same 


BOX 13.2 HISTOPATHOLOGY CHECKLIST 


Lung 
Trachea 
Heart 

Aorta 
Pulmonary artery 
Thymus 
Salivary gland 
Thyroid 

Tonsil 

Tongue 
Esophagus 
Stomach 
Duodenum 
Jejunum 
lleum 

Colon 
Pancreas 
Spleen 

Liver 
Gallbladder 
Adrenal 
Kidney 

Ureter 
Urinary bladder 
Urethra 
Gonad 


(2) () (ey () a) ea te) et (ee (a) (ee) (et) a) 1) (S(t) (a) (a) Wy (a 


O 
4 
ae 
tH 
Ps) 


Prostate 
Uterus 
Penis 

Eye (L/R) 
Ear (L/R) 
Brain 
Spinal cord 
Bone marrow 
Muscle 
Skin 
Blubber 


Boeodoooo ooo 


Lymph nodes: 
Submandibular 
Cranial cervical 
Prescapular 
Axillary 
Tracheobronchial 
Hilar 

Gastric 

Hepatic 
Mesenteric 
Colonic 
Sublumbar 
Inguinal 


OoogooodoOo ooo 
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container; however, specific lesions should be tagged or placed 
in labeled cassettes for identification. Laundry tags are useful 
labels to clip onto individual tissues. For each case, two labels 
should be used, one inside the container and one outside the 
container, and each container should only contain one case. 
Tissues should be allowed to fix for at least 48 hours before 
shipping. There are specific requirements for shipping tissues 
in formalin, since formalin is considered a hazardous substance. 


Fetal, Placental, and Perinatal 
Examination and Sampling 


In examining a fetus, if the amniotic and allantoic sacs are 
intact, these fluids should be sampled separately. The pres- 
ence or absence of an umbilicus, its length, consistency, and 
whether it is fully or partially closed or healed should be 
recorded. For cetaceans, the fetal torso should be assessed for 
fetal skin folds and the numbers and orientation noted, pho- 
tographed, or schematically recorded. The cranial biparietal 
width should be measured; this measurement has been used 
to gauge the stage of gestation. The dorsal fin may be curved 
to either side, and the direction should be recorded. The 
number and location of rostral hairs should be documented, 
as well as tooth eruption of the upper and lower arcades enu- 
merated. Blubber thickness at the dorsal, midlateral, and ven- 
tral aspect of the mid thorax should be measured. Whether 
the eyelids are open and the extent of eye development may 
be important to estimate the stage of fetal development. 
Dissection and exposure of the thoracic and abdominal 
cavities of the fetus can be approached as with general necropsy 
procedures for marine mammals. The internal and external 
aspect of the umbilicus should be examined for inflammation 
or infection, and the patency of the umbilical veins (to the 
liver) and artery (from the internal iliac arteries and closely 
apposed to the urinary bladder) assessed by insertion of a 
probe or other blunt instrument. If feasible, the patency of the 
ductus arteriosus (between the pulmonary artery and aorta) 
and foramen ovale (between the cardiac atria) should be deter- 
mined. Also record the color and consistency of the lungs, 
and whether representative samples float or sink on immer- 
sion in formalin. The size and location of the thymus should 
be documented. The stomach contents can be described, and 
presence or absence of meconium in the colon recorded. As 
full a complement of fresh and formalin-fixed tissues should 
be sampled, with particular attention to recovery of stomach 
contents, brain, and lung for HABs and pathogen screening. 


Forensic and Anthropogenic 
Mortality Investigation 


A necropsy examination should always be conducted with an 
open mind, each animal being examined, samples collected, 


and the resulting information used to make a diagnosis. If 
anthropogenic trauma is suspected, the prosector may take 
additional samples and precautions to ensure that the case 
investigation withstands legal scrutiny, but the basic princi- 
ples of pathological examination do not change. In a review 
of anthropogenic trauma and serious injury in pinnipeds 
and cetaceans, case definitions; circumstances associated 
with death; gross pathology; and histopathology of entrap- 
ment and drowning (bycatch), entanglement, blunt force inju- 
ries, sharp trauma, and ballistic projectiles were addressed 
(Moore et al. 2013). Another manifestation of anthropogenic 
activities described in marine mammals is gas bubble dis- 
ease (GBD), particularly in beaked whales (Ziphiidae), and 
may be associated with deployment of military or industrial 
sonar (Jepson et al. 2003). Although the pathogenesis of GBD 
is distinct from acoustic injuries in the organ of Corti, both 
processes may be present and should be investigated in ani- 
mals with a history of exposure, or gross lesions consistent 
with intravascular gas emboli and multisystemic hemorrhage. 
Mechanisms of GBD could also cause injuries to the auditory 
apparatus. For example, a decompression sickness-—like syn- 
drome in marine mammals might generate systemic gas and 
fat embolism, leading to auditory system pathologies (e.g., 
infarcts) that cause impairment of hearing or vestibular func- 
tion (Fernandez et al. 2005). 

Human interaction (HD forms, documentation forms, 
entanglement response forms, and chain of custody forms 
are available and provide valuable templates to guide and 
record evidence of human interaction (Moore et al. 2013). It 
is imperative to accurately record carcass condition code and 
postmortem state. As these data and results from necropsy 
exams and laboratory studies may be subpoenaed and pre- 
sented as evidence in court (see Chapter 5), chain of custody 
forms should be completed. 

To diagnose anthropogenic trauma, detailed photographs, 
diagrams, and descriptions of gross external and internal 
wounds should be compiled, and if access to a radiology suite 
is available, imaging studies to document soft tissue and skel- 
etal pathology and localize bullets or other projectiles should 
be pursued. In some larger animals, portions of the carcass 
such as the head or thorax may be removed to facilitate radi- 
ology. In many cases, bullets cannot be readily identified or 
retrieved by use of metal detectors. Bullets or other foreign 
debris should be recovered with care, using appropriate plas- 
tic instruments to minimize artifact, and then appropriately 
stored in a secured location once the postmortem exam is 
complete. Representative tissue samples for histopathology 
should be collected from the margins of the wounds, and soft 
tissues should be carefully removed from the carcass for close 
inspection of skeletal elements. Microscopic findings in skel- 
etal muscle from animals with gross evidence of ship strike 
include hemorrhage; edema; and flocculent, discoid, granu- 
lar, or hyalinized myocellular degeneration with contraction 
bands. In rare cases of prolonged entanglement in emaciated 
animals, protein casts have been identified in the lumina of 
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renal tubules, reinforcing the need to sample as complete a 
set of tissues as possible for histopathology. 

Postmortem vitreous humor, or in fresh carcasses, heart 
or peripheral blood (serum), may be collected to quantify 
creatinine kinase and potassium levels, since increased val- 
ues may substantiate the degree of muscle (or renal) injury 
(Sarran et al. 2008). Increased levels of the S100 B biomarker 
has also been reported in the vitreous humor of entangled 
northern fur seals (Callorhinus ursinus) and may prove valu- 
able for suspect drowning cases (Roe et al. 2013). 


Auditory Pathology 


There is increasing concern and public awareness regard- 
ing the effects of man-made noise on marine mammals. 
Collection and examination of specimens from hearing struc- 
tures is essential for the diagnosis of auditory pathology and 
to establish normal species, age, and sex-related anatomic 
baselines. Expanding our knowledge on the variation of inner 
ear morphology for various species is critical to the assess- 
ment of potential impacts of anthropogenic noise on marine 
mammals. Diagnostic modalities that have been developed 
and used to evaluate the integrity of the structures along the 
auditory pathway include computerized tomography (CT) 
scanning, gross dissections, electron microscopy, immuno- 
histochemistry, and histological examinations (Ketten, Lien, 
and Todd 1993; Ketten 1997: Ketten, Cramer, and Arruda 1997, 
Seibel et al. 2010; Prahl et al. 2011; Morell et al. 2015, 2017; 
Ketten et al. 2016). When feasible, auditory evoked potentials 
(AEPs) may be collected antemortem in live stranded ani- 
mals, to enhance our understanding of the neurophysiology 
(Houser and Finneran 2006) and pathology associated with 
auditory insults. 

Because cochlear hair cells are very sensitive to autolysis, 
ear retrieval and processing should be initiated as soon as 
possible after death (Figure 13.1). When auditory injury is 
a strong possibility in either individual or mass strandings, 


efforts to disarticulate the head and initiate extraction of the 
ears should be a priority and expedited at necropsy. The 
head should be removed by incision of the atlanto-occipital 
joint and placed with the ventral side facing upward. The 
mandible and associated soft tissues should then be carefully 
examined and removed. A knife, number 12 curved scalpel, 
or chisel, can be used to remove the tympanoperiotic com- 
plex (TPC). For greater detail, refer to Ketten, Cramer, and 
Arruda (2007) for all cetacean species and Morell and André 
(2009) specifically for small odontocetes (Figure 13.1a). Care 
should be taken not to use excessive force or traction, which 
may fracture the periotic bone. 

In terrestrial mammals, structural alterations of the organ 
of Corti (or hearing organ) and associated innervation are 
well documented in cases of permanent noise-induced hear- 
ing loss (Lim and Dunn 1979). Thus, it is crucial that the ultra- 
structural integrity of this organ and innervation are retained 
to screen for noise-induced hearing loss—-related lesions and 
to establish baseline morphology. The optimal time frame 
for fixation for ears is within 5 hours postmortem. However, 
based on current protocols and available fixatives, ears can 
be collected and perfused up to 30 hours after death with 
sufficient retained detail for ultrastructural evaluation (Morell 
et al. 2017). To avoid damage or artifact to sensory epithelia, 
perfusion should be accomplished by slow, gradual injection 
of 10% neutral buffered formalin through the oval and/or 
round windows (Morell and André 2009). 

Extraction of the TPC is followed by the following: 
() separation of the periotic from the tympanic bone (Figure 
13.1a); (2) removal of the stapes by tissue forceps; (3) care- 
ful and superficial perforation of the round and oval window 
membranes with a needle; and (4) perfusion of the fixative 
slowly and progressively (with minimal pressure) through one 
window until the fixative seeps from the other window, using 
a soft catheter (gauge 14 IV catheter for small species, or the 
tip of a plastic pipette or a butterfly catheter for larger spe- 
cies) of the same diameter as the window’s size and a 1 ml 
syringe (Figure 13.1b). Step 4 can be repeated starting from 
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Figure 13.1 


(a) Removal of the mandible in a harbor porpoise reveals the tympanoperiotic complex (TPC), from which the periotic bone can be 


extracted as shown. (b) Illustration of the perfusion steps on a periotic bone of a bottlenose dolphin. (Courtesy of M. Morell.) 
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the other window. It is crucial to follow the four steps in 
this order. After perfusion, the tympanic and periotic bones 
should be placed in a 1:10 volume of tissue to fixative and 
maintained in formalin for several days before shipping. If the 
postmortem interval is greater than 24-30 hours, if an infec- 
tious etiology, inflammation, or hemorrhage is suspected, or 
if the prosector is not experienced with the perfusion tech- 
nique, the intact TPC can be immersed in the fixative solu- 
tion for later decalcification and processing (Seibel et al. 2010; 
Prahl et al. 2011). 

If imaging studies can be conducted immediately fol- 
lowing death, CT scans of the head of smaller marine mam- 
mals can be undertaken before ear extraction (Ketten and 
Montie 2008). Ideally, the heads should not be removed as 
intravascular gas accumulation may occur within the brain 
and other soft tissues and mimic GBD. When field necropsy 
or ear extractions cannot be performed in a timely manner, 
the head may be frozen for later CT scanning and possible 
extraction/examination of the TPC. However, the integrity of 
the cells of the organ of Corti will be damaged by the freez- 
ing-thawing process, precluding ultrastructural interpreta- 
tions. If frozen, gross examination and histopathology of the 
head or extracted TPC can still be undertaken; however, tis- 
sues will be compromised, and specimens should be thawed 
in fixative rather than in water or in air, to minimize autolysis. 

In addition to the ears, other cranial tissues, such as 
acoustic fats, auditory canals, eyes (retina/sclera), and paraotic 


sinuses, should also be carefully examined, and representa- 
tive samples collected for histopathological assessment. 


Gas and Fat Embolism 


The etiopathogenesis of this recently recognized condition, 
also known as decompression sickness (DCS) or gas bubble 
disease (GBD), is described in Chapter 14. GBD should be 
suspected and carcasses examined carefully if mortality is 
associated with any noise, or sonar or military activity, of if 
deep diving species, especially beaked whales, strand. Here 
we discuss the gross and histopathologic presentation and 
sampling for gas composition analysis, the key elements of 
diagnosis. Methodologies have been recently developed for in 
situ gas sampling and laboratory analysis that can distinguish 
between gas associated with putrefaction and gas primarily 
composed of nitrogen (Bernaldo de Quirés et al. 2011, 2012). 
A scoring system has also been developed that can help to 
distinguish between decompression-related gas lesions, iat- 
rogenic air embolism, and putrefaction gases at necropsy 
(Bernaldo de Quiros et al. 2013a, 2013b). 

On necropsy, acute and chronic presentations of GBD 
can be found. In the acute form, gas bubbles can often be 
seen in major organs and blood vessels. Acute gas embolism 
is often systemic, with bubbles and associated lesions in the 
brain, spinal cord, intestine (mesenteric veins), heart (blood 


Figure 13.2 Gas bubble disease (GBD) in a Sowerby’s beaked whale, Mesoplodon bidens, (SW2004/290) stranded in Cardigan Bay, Wales, UK, in 
September 2004. Clockwise from top left: bubbles in a mesenteric vein, bubbles in epicardial veins, bubbles in a mesenteric vein, bubbles in veins of 


the perirenal rete. (Courtesy of P. D. Jepson.) 
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vessels), renal (capsule/blood vessels and parenchyma), and 
liver (capsule and parenchyma). In severe cases (Figure 
13.2), the quantity and distribution of gas bubbles and 
associated lesions can be extensive, and hemorrhages are 
often seen widely distributed in lipid-rich tissues, including 
brain and spinal cord. The chronic form of GBD can have 
a variable appearance. Large gas-filled spherical cavities of 
variable size (0.2-6 cm) have been seen in major organs, 
predominantly involving the liver, kidney, spleen, and gas- 
tric wall Jepson et al. 2005; Bernaldo de Quiros et al. 2011). 
Bone lesions consistent with dysbaric osteonecrosis, seen in 
humans as a chronic consequence of decompression sick- 
ness, have been reported in sperm whales (Physeter mac- 
rocephalus; Moore and Early 2004). Histopathology of the 
gross liver cavities may reveal variable degrees of pericavi- 
tary fibrosis. In addition, intrahepatic microcavitations, typi- 
cally 50-750 um in diameter (consistent with gas emboli), 
within distended portal vessels and sinusoids may be associ- 
ated with hepatic tissue compression, hemorrhages, fibrin/ 
organizing thrombi, and foci of acute hepatocellular necro- 
sis. Gross renal cavities (2-10 mm diameter) may be asso- 
ciated with acute and chronic arterial gas emboli—induced 
renal infarcts (Jepson et al. 2005). 

Fat embolism can accompany severe and acute systemic 
gas embolism (Fernandez et al. 2005). In gas and fat embolic 
syndrome, fat emboli are most readily observed in lung tis- 
sue, widely distributed within the small veins and capillar- 
ies. Fat emboli have also been found within the veins and 
lymphatics of the epidural retia surrounding the spinal cord, 
in the subcapsular sinuses of lymph nodes, and occasionally 
in small medullary veins in the kidney. It is possible to use 
special stains to show fat embolism microscopically (e.g., Oil- 
Red-O on frozen sections or osmium tetroxide postfixation 
technique in formalin-fixed tissues) in lung and other tissues 
(Fernandez et al. 2005). 

All gas bubbles and associated lesions (both grossly and 
microscopically) should be photographed. On initial open- 
ing of the body wall into the carcass, before any samples are 
taken, the subserosal blood vessels of the intestinal wall and 
mesenteric veins should be thoroughly examined for pres- 
ence of bubbles. The vessels associated with the subdermal 
sheath, kidney, and renal capsule should also be examined 
for bubbles and gas emphysema in the capsule. Bubbles may 
also occur in the CNS (brain/spinal cord), heart (blood ves- 
sels), kidney (capsule/blood vessels and parenchyma), and 
liver (capsule and parenchyma). 

The amount of gas present in veins and tissues can be 
evaluated retrospectively using photographs taken during 
the necropsy, and semiquantified by assigning a gas score 
to different vascular locations, as well as to the presence of 
subcapsular gas (emphysema), defined as macroscopically 
visible gas found beneath the capsule of body organs (e.g., 
kidneys). Vascular locations commonly used for gas scoring 
cetaceans are subcutaneous, mesenteric, and coronary veins, 
as well as the lumbocaudal venous plexus. A scoring rubric 


has been developed: grade 0 is no bubbles, grade I represents 
a few bubbles, and grade I represents abundant bubbles. 
Subcapsular gas is also scored: grade 0 is no subcapsular 
gas, grade I represents the presence of subcapsular gas in 
one or two organs, and grade II represents widely distributed 
emphysema through the body. The summation of gas score 
(0 to ID in the different vascular locations and tissues gives 
the total gas score, ranging from 0 to 10 (Bernaldo de Quiros 
et al. 2011, 2012). 


In Situ Gas Sampling, Transport, 
and Analysis of Gases 


Before gas samples are taken, it is important to establish a 
relationship with the laboratory that will conduct the gas 
analysis, including the optimal conditions for sample storage 
and transport method, prior to shipment for analysis. Samples 
to be shipped by air must be in a pressure-tight vessel to 
avoid pressure change during flight. To minimize masking 
by putrefaction gases, necropsy and gas sampling must be 
performed as soon as possible after death, and preferably 
within 12 hours. Bernaldo de Quiros et al. (2011, 2012) found 
that vacuum tubes, insulin syringes, and an aspirometer were 
reliable tools for in situ gas sampling, storage, and transpor- 
tation without appreciable loss of gas and without compro- 
mising the accuracy of the analysis. Gas analysis is usually 
conducted in the laboratory by gas chromatography, where 
high percentages of N, (~70%) and CO, (~30%) are indicative 
of nitrogen supersaturation (decompression sickness). 


Genetics 


Knowledge of the species, as well as the specific population 
from which an animal came, is critical for interpreting data 
collected from live or dead animals. Although many different 
tissues have been used for genetic analysis, skin and liver are 
the most commonly collected tissues. White blood cells, mus- 
cle, gonads, teeth, and bone have also been collected from 
carcasses, and white blood cells or skin biopsies are typically 
collected from live animals (Table 13.3). 

Genetic analyses require only a small sample; the rec- 
ommended sample size for collection is 0.5 cm? soft tissue 
cut into small strips for preservation. One milliliter of blood, 
whole teeth, or a piece of bone has also been collected for 
genetics. The best method of preservation depends on the 
tissue collected. Soft tissue, such as skin, is best preserved in 
5-20% DMSO in saturated salt solution at 1 volume of tissue 
to 10-20 volumes of preservative. The solution containing 
the tissue should then be frozen for long-term storage. DNA 
can be extracted from frozen soft tissue without preservative, 
but it is more difficult, particularly if nuclear DNA (e.g., mic- 
rosatellites) is to be analyzed. Alternative methods include 
fixation in 80% ethanol, or drying. Blood samples are best 
frozen. 
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Table 13.3. Protocols for Specimen Collection for Life History Data 


Taxonomic 
Analysis Sample Group Collection Site 
Genetics Epidermis All Varies with tissue 
Muscle used 
Leukocytes 
Bone 
Teeth 
Age Teeth Odontocetes Mandible (left) 
Phocids Premolar 
(postcanine) 
Canine, incisor 
Otariids Canine 
Sirenians Canine 
(Dugongs) 
Odobenids Mandibular 
canine 
Ursids First premolar 
either jaw 
Otters First premolar 
either jaw 
Bone Sirenians Tympanoperiotic 
(Manatees) bone (periotic 
dome) 
Cetaceans Tympanic bullae 
Vertebrae 
Metacarpals 
Pinnipeds Metacarpals 
Earplugs Mysticetes 
Baleen Mysticetes 
Eyes All Lens 
Claws Otters Claws 
Prey Stomach Stomach 
contents Feces 
Feces 
Reproductive Gonads Both ovaries 
status Uterus Both testes Other 
Serum organs as noted 
Morphometrics 


Code Size Fixative 
1-5 1cm x 0.5 cm, cut in 5-20% DMSO solution, 80% 
strips, whole bone EtOH, saturated salt, or 
or teeth; 10-20 ml freeze 
of whole blood 
1-5 Whole tooth with root 70% ethanol or freeze whole 
intact; whole jaw 
2-5 
1 
2-5 
2-5 
2-5 
2-5 
2-5 
2-5 Fixed 10% buffered neutral 
formalin or freeze 
2-5 
1-5 
2 Whole, intact 10% buffered neutral formalin. 
2-5 Dried 
2 Whole Frozen 
1-4 Whole Whole in 10% glycerin or in 
70% ethanol 
1-3 Whole volume of Piscivores—freeze intact; 
stomach contents, herbivores—10% neutral 
when possible buffered formalin 
1-4 Whole ovaries; whole Fixed with 10% neutral 
testes with epididymis buffered formalin in normal 
or full cross and position; can be frozen if no 
longitudinal sections fixative available 
of testis; whole or Take morphometrics before 
portions of uterus fixing 
1-5 


Stomach Contents 


Evaluation of stomach contents is important both for diagnos- 
tic evaluation and for assessment of prey selection. Stomach 
content analyses are time-consuming efforts and should be 
performed by experienced personnel; however, collection and 
storage of contents are easy to perform in the field. Stomach 
contents may include otoliths, macerated prey flesh, skeletal 
remains, parasites, foreign bodies, and vegetation. Fish otoliths 


are one of the most commonly used structures for prey identifi- 
cation. In addition to the shape and characteristics of an otolith 
being species-specific, the size of the otolith is proportional to 
fish size, allowing for evaluation of size class of prey, as well as 
caloric intake of the marine mammal. 

In small animals, the stomach may be tied off at both 
ends and frozen intact for later examination, although freezing 
may limit pathologic and parasitologic examinations. Ideally, 
the stomach should be opened when fresh, the mucosa gently 
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flushed with saline, and the contents (including the washings) 
frozen or fixed for later evaluations. The type of preservation 
of the contents will depend on the expected diet of the vari- 
ous taxa of marine mammals. Buffered neutral formalin fixa- 
tion may dissolve the otoliths of some prey fishes; therefore, 
formalin fixation should not be used for preserving stomach 
contents from fish-eating marine mammals. These contents 
instead should be frozen or fixed in alcohol. Stomach content 
samples from plant-eating marine mammals (e.g., manatees; 
Trichechus Manatus) should not be frozen, since the freezing 
of sea grass and algae causes fragmentation of the cells, mak- 
ing identification very difficult (Eros et al. 2007). Instead, stom- 
ach contents from herbivorous animals should be preserved in 
5-10% neutral buffered formalin or 80% ethanol at a ratio of 1:1 
or 2:1 (Eros et al. 2007). Subsamples for toxicology or biotox- 
ins are collected from the stomach contents of fresh carcasses 
when they are first opened, and the subsamples frozen for later 
evaluation. If the stomach is opened, fresh parasites can be 
collected (see below), and the mucosa examined for pathology. 
Freezing and thawing may limit identification and interpreta- 
tion of gastrointestinal pathology and parasites. Foreign bod- 
ies need to be documented and photographed, and ingested 
marine debris or fishing gear is saved, whenever possible. 


Age 


Currently, age is estimated primarily from counts of growth 
layers deposited in several persistent tissues, primarily teeth, 
and less often, bone (Table 13.3). Saving teeth or other tissue 
for aging from known-age animals (from the wild or captive 
situations) is also important, because these tissues are used to 
validate the interpretation of growth layers for specific taxa. 
At times, relative measures of age, such as tooth wear, pel- 
age or skin color, or fusion of cranial sutures, which allow 
individuals to be placed in age groups, are helpful. Age class 
or maturation status may be estimated using body size/length 
(Stevick 1999), fusion of epiphyses, pelage color, or reproduc- 
tive parameters. Use of body size as a rough estimate of age, 
however, requires that a growth curve has been generated for 
that species from allometric models that fit size-at-age data 
for a large number of specimens for which age was known or 
estimated from growth layers. 

Growth layers (or growth layer groups; Perrin and Myrick 
1980) in teeth have been used to estimate age for odonto- 
cetes and pinnipeds (Hohn et al. 1989; Oosthuizen 1997), 
since they were first associated with age by Scheffer (1950). 
For small cetaceans, growth layers are counted primarily 
in dentine, although for a few species (e.g., the Franciscana 
[Pontoporia blainvillei] and beaked whales), cement is bet- 
ter. For pinnipeds, growth layers are counted in both dentine 
(the yellowish, calcified tissue that makes up the bulk of all 
teeth, harder than bone, softer than enamel) and cement (thin 
bone-like material covering roots of teeth, softer than den- 
tine). Canines are best for dentinal counts, but in very old 


animals, the pulp cavity may be occluded, and cement must 
then be used. Cement is best counted in postcanines (Klevezal 
1996). Incisors can be safely extracted from live animals, but 
these reduced teeth have small layers, and age tends to be 
underestimated by significant amounts in old animals (Bernt, 
Hammill, and Kovacs 1996). For dugongs (Dugong dugon), the 
tusk Gncisor) or canine can be used (Eros et al. 2007). 

For a number of species, notably manatees and baleen 
whales, teeth cannot be used for age estimation. Manatees have 
an indeterminate number of molars that are constantly lost and 
replaced throughout life, and no tusks. Baleen whales have no 
teeth. Fortunately, annual growth layers do occur in the tym- 
panoperiotic (auditory) bones of manatees (Marmontel et al. 
1996) and baleen whales (Klevezal 1996). For each species, the 
location on the bone with the maximum number of layers must 
be found; in other regions, resorption of early-deposited layers 
results in an underestimate of age. For all bones, growth layers 
occur in periosteal bone, and generally, the maximal number 
of layers occurs where the periosteal bone is thickest. 

In balaenopterid whales, earplugs also have been used 
for age estimation (Lockyer 1984; Kato 1984). These struc- 
tures are actually a horny epithelium formed in layers on the 
external surface of the tympanic membrane of the external 
auditory meatus. In addition to numbers of growth layers, a 
change in the morphology of the growth layers from irregular 
layers (mmature) to regular layers (mature) has been seen 
in some species and is thought to indicate the transition to 
maturation (Thomson, Butterworth, and Kato 1999). Specific 
chemicals and hormones can be extracted from individual 
layers of cetacean earplugs (Trumble et al. 2013). Chemical 
signals, specifically amino acid racemization, have been used 
for dolphins and small and large species of whales (Bada, 
Brown, and Masters 1980), including, most recently, fin whales 
(Balaenoptera physalus) and bowhead whales (Balaena mys- 
ticetus; George et al. 1999). Age is estimated as a function of 
the proportion of D and L isomers of aspartic acid in the lens 
of the eye. 

Accurately and precisely counting the annual layers depends 
greatly on the tissue and techniques used. For example, Hohn 
and Fernandez (1999) found that stained sections allow more 
accurate estimates of age in bottlenose dolphins (Zursiops trun- 
catus), and Stewart et al. (1996) found a similar result for ringed 
seals (Pusa hispida). Validation of the growth layer deposi- 
tion rate for specific species has been done using teeth from 
known-age animals (Hohn et al. 1989) or teeth from animals 
that had been exposed to tetracycline at a known point in time. 
Tetracycline binds with calcium and is incorporated into active 
tissues (e.g., teeth and bone) within 48 hours of administra- 
tion (Frost 1983). Under visible light, tetracycline-marked bone 
and/or teeth exhibit yellow-brown coloration. Under fluorescent 
light, marked bone exhibits a yellow-gold fluorescence. 

Teeth are the best tissues to be collected from odontocetes 
and pinnipeds for aging. For small odontocetes, it is standard 
to collect teeth from the middle of the left mandible; six to 
eight teeth should be collected if the skull is not going to be 
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kept. When the left mandible is not available, center teeth 
from the other mandible or from the maxilla are satisfactory, 
with the emphasis being on large, straight teeth. For pinni- 
peds, the best tooth to collect may depend on the relative 
age of the animal Guvenile, adult, old adult). To be certain 
that an accurate age can be obtained may require collecting 
several teeth, including canines and postcanines. However, for 
manatees and large whales, the ear bones should be collected. 
Because growth layers are integral to teeth and bone, these 
tissues are not sensitive to most means of storage. They can 
be frozen in plastic bags or vials, stored in 70% ethanol, or 
cleaned of soft tissue and dried. Short-term storage in formalin 
is acceptable. They also can be soaked in water to facilitate 
cleaning prior to preservation or further analyses. Care should 
be taken that the teeth are not damaged or broken during 
extraction. In certain field situations, it may be more practi- 
cal to collect and save the entire mandible or skull with teeth 
intact for later extraction and processing. If earplugs can be 
collected, they are to be handled gently (because they are 
fragile) and fixed in formalin (Lockyer 1984). For estimation 
of physical maturation, physeal fusion of bones, such as verte- 
brae or carpal/metacarpal bones, may be evaluated from fro- 
zen or dried samples. Radiographs of flippers may assist with 
maturation determination, and whole flippers can be frozen 
for later examination. Eyes should be collected and frozen for 
extraction and analyses of the lenses from condition code 2 
animals (George et al. 1999). Claws can be frozen or kept dry. 


Reproductive Status 


Gonads should always be collected even when decomposi- 
tion is advanced. When possible, fresh weights and measure- 
ments should be taken. Both ovaries need to be collected, 
especially for small cetaceans, which have unequal ovulatory 
patterns. Whole ovaries should be fixed in 10% buffered neu- 
tral formalin when possible, or frozen if no fixative is avail- 
able. They should not be cut or subsampled for histology until 
after they have been examined in gross (whole and thick sec- 
tions) for corpora (see Chapter 10). Gross examination of the 
uterus is performed for detection of pregnancy and whether 
the uterus appears to have been distended sufficiently to sug- 
gest that a pregnancy has occurred in the past. In small ani- 
mals, the uterus with ovaries can easily be preserved intact in 
10% buffered neutral formalin, but care should be taken that 
the uterus is fixed in a natural position rather than folded into 
a small container. If the uterus is large, it should be weighed 
(when possible), measured, and examined. Gross exami- 
nation and measurements should include myometrial wall 
thickness, cervix, internal diameter of uterine horns, length 
of uterine horns, any lesions, fetal presence—-size—position, 
parasites, and associated lymph nodes. Representative tissue 
samples should be collected in 10% buffered neutral formalin. 

Testes and epididymides are to be removed intact. If pos- 
sible, testes and epididymides are to be weighed separately. 


Testis length (ensuring to exclude the epididymis), width, and 
depth are important parameters, with mass and length of pri- 
mary importance, especially if the testis cannot be collected 
whole. Because studies have shown no significant difference 
in size between the left and right testes, both testes do not 
need to be collected. The opposite testis can be used to col- 
lect a subsample for histological examination, fixing all tis- 
sues in 10% buffered neutral formalin. When whole testes 
cannot be collected, an alternative is to collect a complete 
1-cm-thick cross section from one testis and a complete lon- 
gitudinal section from the other, and fix these sections in 
formalin, preferably in a flattened position. They can later be 
rolled for storage in a jar. Samples from any reproductive tract 
lesions are also fixed in 10% neutral buffered formalin. From 
fresh animals, blubber, serum, feces, and urine may also be 
obtained. These can be used to determine reproductive hor- 
mone levels to correlate with gross findings. 


Contaminants 


For assessment of organic pollutant levels that are lipophilic, 
blubber, milk, blood, and liver are typically analyzed; for 
assessment of elements, kidney, liver, blood, and skin (epi- 
dermis) are also used. Target organs, if known, also need to 
be collected for complete evaluation of effects and residue 
levels in marine mammals. Blubber is collected from specific 
sites (depending on the taxon), and samples should be full 
thickness, as some species have both vertical and horizontal 
stratification in blubber. A minimum of 20 grams (ideally 100 
grams) should be collected of each tissue type with a clean 
stainless steel or Teflon knife. Tissues are collected in clean 
glass jars or in Teflon bags and stored at temperatures less 
than —-80°C. For a limited time, tissues can be stored at —20°C; 
however if long-term storage is expected, the tissues should 
be stored at —80°C, and if tissues are to be archived, the 
tissues should be stored in liquid nitrogen. When collecting 
tissues, ensure that the specimens or collecting instruments 
are not in contact with aerosols of insect repellent, smoke, 
exhaust fumes, petroleum fumes, or other chemical con- 
taminants that may alter the chemical analyses of the tissues 
(see Chapter 15). Tissues may also be contaminated dur- 
ing the necropsy by gut contents or blood, thereby altering 
the actual measured values. Whole blood, serum, or plasma 
has been used for chemical analyses; a minimum of 10 ml 
of selected matrix should be collected and stored frozen in 
clean glass jars or Teflon jars/bags. Because storage of tissues 
or fluids in plastic can alter the chemical analyses for some 
compounds, tags and collection forms must note the use of 
such. Whenever tissues are collected for pollutant analyses, 
a field collection description should include the conditions 
under which the tissues were collected, and the instruments 
and materials used for collection, processing, and storage. 
Polycyclic aromatic hydrocarbons (PAHs) are rapidly 
metabolized in marine mammals, so the likelihood of finding 
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circulating levels or tissue levels indicative of acute exposure 
is low. However, serum, bile, and liver can be assessed in 
acute exposure cases. From those taxa that have gall blad- 
ders, collection of bile is performed by withdrawing fluid 
from the gall bladder using a syringe or by clamping off and 
excising the gall bladder. Once the gall bladder is excised, 
bile may be poured into a dark cleaned glass container. This 
is the preferred collection method for pinnipeds. Collection of 
bile from cetaceans is more difficult but can be accomplished 
by withdrawing bile from the large hepatic duct. Bile should 
be protected from light and can be placed in dark jars or in 
clear glass containers that have been wrapped in foil. These 
containers should be stored frozen at —80°C. 

Dermis or liver can be used for assessment of cyto- 
chrome P4501A as a surrogate for PAH exposure; however, 
several compounds increase levels of cytochrome P4501A 
(see Chapter 15). 


Infectious Diseases 


Sampling for infectious diseases is reviewed in each chapter 
on groups of infectious agents (Chapters 17-21). Abnormal 
tissues, fluids, and body organs sampled for histology can be 
tested for presence of infectious diseases and disease agents 
using direct visualization, culture, and molecular techniques. 
Sampling a piece of each tissue selected for histology, storing 
at —80°C, and fixing in 90% alcohol and RNA later are useful 
contingencies when the etiology is unknown. 


Conclusions 


Postmortem examination of marine mammals uses essentially 
the same techniques developed for pathology of domesticated 
species and wild mammals, but the need for clear diagnosis of 
anthropogenic trauma as well as collection of samples for life 
history, ecology, and physiological studies guide the use of 
more specific protocols in certain cases. A suite of protocols 
are available on the internet, and practitioners should become 
familiar with the protocols most suited to species likely to be 
encountered in their region, as well as associated manage- 
ment issues of concern, before conducting necropsies. 
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Introduction 


This chapter reviews a range of noninfectious diseases docu- 
mented in marine mammals, excluding those known to be 
associated with toxicoses and nutritional deficiencies (see 
Chapters 15, 16, and 29). Information on ocular and dental 
diseases is presented in the respective chapters (see Chapters 
22 and 23). Most of the noninfectious conditions described in 
marine mammals have been detected as a result of necropsies 
on individual stranded, harvested, or captive animals, rather 
than through systematic studies on wild populations. The lit- 
erature consequently contains a multitude of scattered case 
reports with little information on the impact of these non- 
infectious conditions on wild marine mammal populations. The 
purpose of this chapter is to bring these individual reports 
together and to provide an overview of the current litera- 
ture available on noninfectious diseases in marine mammals. 
Information presented in this chapter is updated from the sec- 
ond edition of this text. More detailed reviews are provided 
for several noninfectious conditions, which have been more 
intensively investigated in the 15 years since the publication 
of the second edition of this book, including urogenital carci- 
noma of California sea lions (Zalophus californianus), fresh- 
water skin disease in cetaceans, gas-embolism syndrome, and 
the effects of anthropogenic sound. 

For ease of reference, separate sections of this chapter 
describe lesions identified as congenital defects, neoplastic 
lesions, and those associated with trauma and noise expo- 
sure, while other miscellaneous lesions are described accord- 
ing to the organ system in which they were identified. 
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Congenital Defects 


Congenital defects are abnormalities of structure or function 
present at birth, although the defects may not be expressed or 
detected until later in life. The majority of congenital defects 
reported in cetaceans were actually detected in fetuses in 
utero during necropsies of pregnant animals, and commonly 
in whales examined during the historical periods of com- 
mercial whaling. In contrast, most reports of congenital 
anomalies in pinnipeds are a result of necropsies performed 
on stranded neonatal pups or animals from rookeries. The 
anatomical development of marine mammals from fetus to 
mature adult is poorly documented compared to humans 
and domestic species. As a result, some structures may have 
been initially described as defects when they were actually 
part of the normal development of that species. For example, 
the presence of a patent ductus arteriosus in a young ter- 
restrial animal after birth is considered a congenital defect 
compromising circulation, whereas it is common in marine 
mammals, and species differences in closure time likely exist 
(Slijper 1962; Leipold 1980; Banish and Gilmartin 1992). In 
fact, the harbor seal (Phoca vitulina) may have a function- 
ally patent foramina ovale and ductus arteriosus up to 6 to 
7 weeks of age (Dennison et al. 2011a). 

Though the prevalence and etiology of congenital defects 
in marine mammals have not been determined, in pinnipeds, 
defects in northern fur seals (Callorhinus ursinus), harbor, and 
northern elephant seals Wirounga angustirostris) have been most 
commonly reported (Trupkiewicz, Gulland, and Lowenstine 1997; 
Spraker and Lander 2010; St. Leger and Nilson 2014). Hernias, 
skeletal malformations, and proliferative conditions have been the 
most common defects identified in harbor seals (St. Leger and 
Nilson 2014). In northern elephant seals, hydrocephalus and car- 
diac abnormalities are most common. Low genetic diversity is 
thought to play a role in the high prevalence of congenital defects 
noted in elephant seals (Trupkiewicz, Gulland, and Lowenstine 
1997). The congenital defects reported in marine mammals are 
summarized in Table 14.1. 


Neoplasia 


The number of reports of neoplasia in marine mammals 
has increased dramatically over the last 20 years. This 
increase is likely a reflection of the increased numbers of 
animals examined by pathologists and the increasing ages 
of marine mammals in captivity. Newman and Smith (2006) 
reviewed comprehensively the neoplasms reported up to 
2006. Neoplasia has most commonly been reported in belu- 
gas (Delphinapterus leucas) from the St. Lawrence Estuary, 
and both free-ranging and captive California sea lions (Table 
14.2). One of the most common types of cancer noted in 
older captive sea lions is mammary carcinoma, and many 
captive sea lions die with multiple different benign and malig- 
nant neoplasms (Wells et al. 2013; Colegrove, unpubl. data). 


Although species differences in tumor prevalence may 
in part be due to the extent of the species interaction with 
humans (in zoological collections, likelihood of stranding and 
examination, hunting), they may also reflect different etiolo- 
gies. Physical, chemical, and infectious agents have all been 
associated with neoplasms in other species. The effects of 
these carcinogens are further modulated by age, hormones, 
and genetics. As is the case for the majority of spontane- 
ous tumors in other species, the etiology of most tumors in 
marine mammals is unknown. 

Nevertheless, several viruses have been associated with 
tumors in marine mammals. Papillomaviruses have been 
associated with cutaneous lesions in manatees (Jrichechus 
manatus, Bossart et al. 2002a; Woodruff et al. 2005), gastric 
papillomas in beluga (De Guise, Legace, and Beland 1994b), 
and cutaneous papillomas in California sea lions (Rivera 
et al. 2012). Both papillomaviruses and herpesviruses have 
been associated with genital and oral papillomas in multiple 
cetacean species, in both captive and free-ranging animals, 
though herpesviruses have most commonly been implicated 
(Lambertsen et al. 1987; Smolarek Benson et al. 2006; Rehtanz 
et al. 2012; Sierra et al. 2015). Oral squamous cell carcinoma 
has also been reported in conjunction with oral papillomas 
in some bottlenose dolphins (ursiops truncatus), suggesting 
malignant transformation of benign papillomas to carcinomas 
can occur (Bossart et al. 2005). Multiple different treatment 
modalities have been utilized in dolphin oral squamous cell 
carcinoma cases, including excision, laser ablation, radiation 
therapy, cryotherapy, Iodine-125 seed implants, piroxicam, 
and doxycycline (McKinnie and Dover 2003; Doescher et al. 
2007; Schmitt et al. 2010; March et al. 2016). A herpesvirus, 
Otarine herpesvirus-3, has been associated with lymphoma 
in a California sea lion (Venn-Watson et al. 2012b). 


Urogenital Carcinoma in California Sea Lions 


California sea lion urogenital carcinoma has been exten- 
sively studied over the past two decades and is considered 
an important wildlife model of carcinogenesis (Browning 
et al. 2015). There is a high prevalence of urogenital carci- 
noma in adult CSLs stranding along the west coast of North 
America; between 1998 and 2012, 26% of adult sea lions 
dying at one rehabilitation center were affected (Gulland et 
al. 1996; Browning et al. 2015). Multiple cofactors have been 
implicated as potentially playing a role in tumor develop- 
ment in sea lions. A sexually transmitted gammaherpesvirus, 
Otarine herpes virus 1 (OtHV-1), has been associated with 
urogenital carcinoma and likely plays a role in carcinogenesis 
(King et al. 2002; Buckles et al. 2007). Intranuclear herpes- 
viral inclusions can occasionally be noted within neoplastic 
cells in the genital tract of affected sea lions (Lipscomb et 
al. 2000; Colegrove et al. 2009a). Genetic factors implicated 
include the presence of the MHC class II locus Zaca-DRB 
(Bowen et al. 2005). A high “internal relatedness” factor (a 
measure of inbreeding) was also shown to be associated with 
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Table 14.1 Congenital Defects Reported in Marine Mammals 


Species 


Tursiops truncatus 
Bottlenose dolphin 


Stenella coerueoalba 
Striped dolphin 


Delphinus delphis 

Common dolphin 
Peale’s dolphin 

Lagenorhynchus 
australis 

Phocoena phocoena 

Harbor porpoise 

Globicephala malaena 
Pilot whale 

Megaptera novaeangliae 

Humpback whale 

Delphinapterus leucas 

Beluga whale 

Physeter catodon 

Sperm whale 

Balaena mysticetus 

Bowhead whale 

Balaenoptera borealis 

Sei whale 

Balaenoptera 
acutorostrata 

Minke whale 

Balaenoptera physalus 

Fin whale 

Fossil mysticete 

Trichecus manatus 

Manatee 

Halichoerus grypus 

Gray seal 

Phoca vitulina 

Harbor seal 


Defect 


Ventricular septal defect 
Polydactyly 


Transposition of pulmonary artery and aorta 


Multiple heart malformations 
Scoliosis 
Hermaphroditism 
Rudimentary hind limbs 
Conjoined twins 


Polycystic kidney 


Vertebral defects 


Ventricular septal defect 
Block vertebrae 


Conjoined twins 
Rudimentary hind limbs 
Hermaphroditism 


Rudimentary hind limbs 
Pseudohermaphroditism 
Conjoined twins 


Conjoined twins 


Pseudohermaphroditism 


Spina bifida 
Ectrodactyly 
Polycystic kidneys 
Flattened trachea 


Cleft palate 
Ectrodactyly 
Abnormal tooth number 


Alopecia, dental aplasia 
Penile malformation 
Penile deviation 
Hemi hydrancephaly 
Fetus in fetu 
Neuroglial heterotopia 
Occipital bone malformation 
Intestinal atresia 
Hiatal hernia 


Reference 
Gray and Conklin 1974 
Watson et al. 1994 
Gray and Conklin 1974 
Powell et al. 2009 
DeLynn et al. 2011 
Nishiwak 1953 
Ohsumi 1965 
Kawamura and Kashita 1971; Kamiya and 
Miyazaki 1974 
Howard 1983 


San Martin et al. 2016 


Szatmari et al. 2016 
Cowan 1966 


Kamiya, Miyazaki, and Shiraga 1981 
Andrews 1921 
De Guise, Legace, and Beland 1994c 


Ogawa and Kamiya 1957; Nemoto 1963 
Tarpley et al. 1995 
Kawamura 1990 


Zinchenko and Ivashin 1987 


Bannister 1962 


Fordyce and Watson 1998 
Watson and Bonde 1986 
Rember et al. 2005 
Baker 1989a 


Suzuki et al. 1992 
Tarasoff and Pierard 1970 
Colyer 1963; Suzuki, Ohtaishi, and 
Nakane 1990 
King 1964 
Csordas 1966 
Spraker et al. 1994 
McKnight et al. 2005 
Buckles et al. 2006 
Harris et al. 2011 
Dennison et al. 2009 
St. Leger and Nilson 2014 
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Table 14.1 (Continued) Congenital Defects Reported in Marine Mammals 


Species 
Mirounga leonina 
Southern elephant seal 


Mirounga angustirostris 
Northern elephant seal 


Callorhinus ursinus 
Northern fur seal 


Monachus schauinslandi 
Hawaiian monk seal 


Odobenus rosmarus 
Walrus 

Zalophus californianus 
California sea lion 


Ursus maritimus 
Polar bear 


Defect 


Conjoined twins 
Penis malformation 
Hydrocephalus 


Right ventricular hypoplasia and overriding 
aorta 
Ventricular septal defect 
Angiomatosis 
Pulmonary dysplasia 
Hydronephrosis 
Polydactyly 
Hypoplasia, skull 
Ocular and skull deformity 
Brachycephalia 
Cerebellar hypoplasia 
Hydrocephalus 
Agenesis, foreflipper 
Bilateral hypoplasia, forelimbs 
Persistent truncus arteriosus 
Agenesis right ventricle 
Umbilical herniation with evisceration 
Hypoplasia, left atrium and ventricle, with 
ventricular septal defect 
Palatoschisis, hypoplasia of lung, chest, and limbs 
Hypoplasia, diaphragm 
Agenesis, tail 
Agenesis, right forelimb and right kidney 
Scoliosis 
Diverticulum, fundus 
Non-union pylorus to duodenum with stenosis of 
common bile duct 
Atresia, bile duct 
Atresia, anus and vulva 
Aplasia, segmental, small intestine 
Renal cysts 
Horseshoe kidney 
Hermaphrodite 
Partial albinism 
Ganglioneuroblastoma 
Microphthalmia, hypoplasia of phalanges, 
segmental aplasia of the ileum (all in single animal) 
Cataract 
Polycystic kidneys 
Pseudopersistent urachus 
Unilateral renal aplasia/hypoplasia 
Fusion of splenic and hepatic capsule 
Ventricular septal defect 
Agenesis of the radius 


Pseudohermaphrodite 


Reference 
Laws 1953 
Csordas 1966 
Griner 1983; Trupkiewicz, Gulland, and 
Lowenstine 1997 
Trupkiewicz, Gulland, and Lowenstine 
1997 


Spraker and Lander 2010 


Spraker and Aguirre, pers. comm. 


Colegrove, unpubl. data 
Howard 1983 
Cornell, Golden, and Osborn 1975 
Sweeney and Gilmartin 1974; Howard 1983 
Sweeney and Gilmartin 1974 
Dennison et al. 2011b 
Lanthier, Dupuis, and Pare 1998 


Wiig et al. 1998 
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Table 14.2 Neoplasms Reported in Marine Mammals 


Species 

Balaena mysticetus 
Bowhead whale 
Balaenoptera borealis 
Sei whale 
Balaenoptera physalus 
Fin whale 


Balaenoptera musculus 
Blue whale 


Megaptera novaeangliae 
Humpback whale 
Delphinapterus leucas 
Beluga whale 


Monodon monoceros 
Narwhal 

Mesoplodon densirostris 
Blainville’s beaked whale 


Globicephala macrorhynchus 


Short-finned pilot whale 


Tumor type 
Lipoma 


Melanoma 


Lipoma 
Fibroma (papilloma?) 


Granulosa cell tumor 
Carcinoma (? granulosa 
cell tumor) 
Neurofibroma 
Ganglioma 
Papilloma 
Lipoma 


Granulosa cell tumor 
Cystadenoma 
Fibromyoma 
Lipoma 
Papilloma 
Transitional cell carcinoma 
Adenocarcinoma 


Carcinoma 
Papilloma 


Choroid plexus papilloma 
Hemangioma 


Chondroma 
Phaechromocytoma 
Granulosa cell tumor 


Fibroma 
Lipoma 
Adenoma 
Fibroleiomyoma 
Squamous cell carcinoma 
Papilloma 


Fibroma 


Granulosa cell tumor 
Leiomyoma 


Organ site 
Liver 


Lip 


Dorsal muscle 
Skin 
Tongue 
Ovary 
Ovary 


Brain 
Mediastinum 
Tongue 
Stomach 
Intestine 
Ovary 
Ovary 
Uterus 
Brain 
Tongue 
Urinary bladder 
Stomach 
Intestine 


Mammary gland 
Uterus 
Salivary gland 
Liver 
Brain 
Stomach 


Brain 
Penis 
Urinary bladder 
Lung 
Adrenal 
Ovary 


Spleen 
Lung 
Thyroid 
Uterus 
Tongue 
Skin 


Vagina 


Ovary 
Uterus 


Reference 
Migaki and Albert 1982 


Uys and Best 1966 


Cockrill 1960 
Stolk 1952 
Stolk 1952 
Rewell and Willis 1949 
Stolk 1950 


Pilleri 1968 
Rewell and Willis 1950 
Rewell and Willis 1949 
Cockrill 1960 
Cockril 1960 
Rewell and Willis 1949 
Rewell and Willis 1949 
Stolk 1950 
Pilleri 1966 
Stolk 1952 
Martineau et al. 1985 
De Guise, Legace, and Beland 1994a 
De Guise, Legace, and Beland 1994a 
Martineau et al. 1995 
De Guise, Legace, and Beland 1994a 
Lair, De Guise, and Martineau 1998 
Girard et al. 1991 
De Guise, Legace, and Beland 1994a 
Ridgway, Marion, and Lipscomb 2002 
Martineau et al. 1988 
De Guise, Legace, and Beland 1994b 
Mergl, Gehring, and Martineau 2007 
De Guise, Legace, and Beland 1994a 
Martineau et al. 1988 
De Guise, Legace, and Beland 1994a 
De Guise, Legace, and Beland 1994a 
Martineau et al. 1988 
De Guise, Legace, and Beland 1994a 
Martineau et al. 1985 
Martineau et al. 1988 
De Guise, Legace, and Beland 1994a 
Mikaelian et al. 2000 
Newman and Smith 2006 
Geraci, Palmer, and St. Aubin 1987 


Flom et al. 1980 


Benirschke and Marsh 1984 
Bossart et al. 1991 
(Continued) 
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Table 14.2 (Continued) Neoplasms Reported in Marine Mammals 


Species 

Globicephala malaena 
Long-finned pilot whale 
Physeter catodon 
Sperm whale 


Orca orcinus 
Killer whale 


Phocaena phocaena 
Harbor porpoise 


Lagenorhyncus acutus 
Atlantic white-sided dolphin 


Lagenorhyncus obliquidens 
Pacific white-sided dolphin 


Lagenorhynchus obscurus 
Dusky dolphin 

Stenella frontalis 

Atlantic spotted dolphin 


Stenella coeruleoalba 
Striped dolphin 


Delphinus delphis 
Common dolphin 


Tursiops truncatus 
Bottlenose dolphin 


Tumor type 
Leiomyoma 


Fibroma 


Papilloma 
Hemangioma (or 
sarcoma?) 
Papilloma 


Adenocarcinoma 
Papilloma 


Adenoma 
Leiomyoma 
Papilloma 


Teratoma 
Fibroma 
Squamous cell carcinoma 
Lymphosarcoma 
Leukemia 


Dysgerminoma 
Leiomyoma 
Lymphoma 


Sertoli cell tumor 
Seminoma 
Pheochromocytoma 
Leiomyoma 
Astrocytoma (Glioblastoma 
multiforme) 
Primitive neuroectodermal 
tumor 
Papilloma 
Leiomyoma 
Leydig cell tumor 
Meningioma 
Lymphoma 
Sertoli cell tumor, 
seminoma 
Hemangioma 
Adenoma 


Reticuloendotheliosis 


Lymphosarcoma 


Organ site 
Uterus 


Uterus 
Lower jaw 


Penis 
Liver 


Penis, skin 
Skin 


Unknown 
Penis 
Skin 
Adrenal 
Intestine 
Penis 
Tongue 
Adrenal gland 
Gingiva 
Skin 
Spleen, lymph nodes 
Liver 
Multiple 
Ovary 
Uterus 
Multiple 
Uterus 
Testis 
Testis 
Adrenal gland 
Uterus 
Brain 


Brain 


Genital 
Stomach 
Testis 
Brain 
Brain 
Testis 


Lung 
Kidney 
Thyroid gland 
Lungs 


Spleen 


Reference 
Cowan 1966 


Uys and Best 1966 
Stolk 1952 
Clarke 1956 
Lambertsen et al. 1987 
Stolk 1953 


Taylor and Greenwood 1974 
Geraci, Palmer, and St. Aubin 1987; 
Bossart et al. 1996 
Baker and Martin 1992 
Taylor and Greenwood, in Landy, 1980 
Geraci, Palmer, and St. Aubin 1987 
Geraci, Palmer, and St. Aubin 1987 
Geraci, Palmer, and St. Aubin 1987 
Geraci, Palmer, and St. Aubin 1987 
Geraci, Palmer, and St. Aubin 1987 
Simpson and Gardner 1972 
Howard, Britt, and Simpson 1983 
Howard, Britt, and Simpson 1983 
Howard, Britt, and Simpson 1983 
Geraci, Palmer, and St. Aubin 1987 
Howard, Britt, and Simpson 1983 
Van Bressem et al. 2000 
Van Bressem et al. 2000 
Bossart et al. 1997 
Diaz-Delgado et al. 2015b 
Estep et al. 2005 


Estep et al. 2005 
Diaz-Delgado et al. 2015a 
Diaz-Delgado et al. 2015c 


Baily et al. 2013 


Sierra et al. 2015 
Cowan, Walker, and Brownell 1986 
Cowan, Walker, and Brownell 1986 
Miclard et al. 2006 
Arbelo et al. 2014 
Diaz-Delgado et al. 2012a 


Diaz-Delgado et al. 2012b 
Migaki, Woodard, and Goldston 1978 
Cowan and Tajima 2006 
Landy 1980 


Ridgway in Geraci, Palmer, and St. Aubin 


1987 
Taylor and Greenwood, in Landy 1980 
(Continued) 
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Table 14.2 (Continued) Neoplasms Reported in Marine Mammals 


Species 


Unknown 

Inia geoffrensis 

Boto 

Trichecus manatus 
Manatee 

Pagophilus groenlandicus 
Harp seal 

Halichoerus grypus 

Gray seal 


Mirounga leonina 
Southern elephant seal 
Mirounga angustirostris 
Northern elephant seal 
Hawaiian monk seal 


Neomonachus schauinslandi 


Phoca hispida 
Ringed seal 
Phoca vitulina 
Harbor seal 


Eumetopias jubatus 
Steller sea lion 


Otaria flavescens 

South American sea lion 
Zalophus californianus 
California sea lion 


Tumor type 
Lymphoma 


Leukemia 
Squamous cell carcinoma 


Unknown 
Carcinoma 
Adenocarcinoma 
Seminoma 
Leiomyoma 
Papilloma 


Fibroma 
Squamous cell carcinoma 


Papilloma 
Lymphosarcoma 
Leiomyoma 


Squamous cell carcinoma 
Granulosa cell tumor 


Adenocarcinoma 
Squamous cell carcinoma 
Adenocarcinoma 


Lymphosarcoma 


Melanoma 
Squamous cell carcinoma 
Fibroleiomyoma 
Adenocarcinoma 
Skin tumors, probably 
fibromas 
Rhabdomyosarcoma 
Interstitial cell tumor 
Hemangiosarcoma 
Transitional cell carcinoma 


Organ site 
Multiple 


Blood 


Oral mucosa 
Lung 


Testis 
Pancreas 
Uterus 
Testis 
Stomach 
Genital 
Oral 
Uterus 
Lung 


Skin 
Lymph nodes 


Uterus 


Ovary 
Liver 
Skin 

Intestine 


Lymph nodes 


Meninges 
Skin 
Esophagus 
Uterus 
Lung 
Eyelids 


Muscle 
Ovary 
Multicentric 
Urinary bladder 
Kidney 


Reference 
Bossart et al. 1997 
Jaber et al. 2005 
Manire et al. 2009 
Bossart et al. 2005 
Doescher et al. 2007 
Ewing and Mignucci-Giannoni 2003 
Mawdesley-Thomas 1974 
Taylor and Greenwood, in Landy, 1980 
Sanchez et al. 2002 
Estep et al. 2005 
Rotstein et al. 2007 
Smolarek Benson et al. 2006 
Bossart et al. 2005 
Rewell and Willis 1949 
Geraci, Palmer, and St. Aubin 1987 


Bossart et al. 1998 
Migaki, in Landy, 1980 


Mawdesley-Thomas and Bonner 1971 
Bergman 1997 


Mawdesley-Thomas, 1971 
Fauquier et al. 2003 
Doescher et al. 2010 

Mikaelian, Leclair, and Inukpuk 2001 


Larsen 1962 
Griner 1971 
Stroud and Stevens 1980 

Osborn et al. 1988 

Labrut et al. 2007 

Morick et al. 2010 

Flower et al. 2014 

Morgan, Hanni, and Lowenstine 1996 
Sato et al. 1998 
Spraker, unpubl. data 


Zabka et al. 2004 
Biancani et al. 2010 
You et al. 2008 
Migaki, in Landy, 1980 


(Continued) 
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Table 14.2 (Continued) Neoplasms Reported in Marine Mammals 
Species 


Tumor type Organ site 


Adenocarcinoma Multiple 


Mammary gland 


Biliary 
Carcinoma Multiple 


Genital tract 
Liver 


Bile duct 
Lungs 
Bladder 


Squamous cell carcinoma Pharynx/tonsil 


Gingiva 
Skin 


Perineum 


Tongue 
Fibrosarcoma 


Mammary gland 
Lymphosarcoma 


Lymph nodes 


Intestine 
Skin 
Multicentric 
Granulosa cell tumor Ovary 
Melanoma Eye, brain 
Peripheral nerve sheath Body wall 
tumor/neurofibroma Spinal nerve 
Adenoma Ovary 
Pancreas 
Pituitary adrenal 
Thyroid 
Lipoma Esophagus 


Mammary gland 


Reference 
Fox 1941, in Howard, Britt, and Simpson 
1983 
Griner 1983 
Simpson and Gardner 1972 
Stroud and Roffe 1979 
Brown et al. 1980 
Simpson and Ridgway, in Landy 1980 
Howard, Britt, and Simpson 1983 
Colegrove, unpubl. Data 
Rush, Ogburn, and Garner 2012 
Griner 1983 
Gulland et al. 1996 
Colegrove et al. 2009a 
Acevedo-Whitehouse et al. 1999 
Mauroo et al. 2010 
Schroeder et al. 1973 
Landy 1980 
Howard, Britt, and Simpson 1983 
Sweeney 1974 
Griner 1983 
Colegrove, unpubl. data 
Bossart 1990 
Snyder, in Landy 1980 
Anderson et al. 1990 
Griner, in Landy 1980 
Sato et al. 2002 
Snyder, in Landy 1980 
Taylor and Greenwood, in Landy 1980 
Colegrove et al. 2010 
Colegrove, unpubl. data 
Venn-Watson et al. 2012b 
Colegrove, unpubl. data 
Howard, Britt, and Simpson 1983 
Griner 1983 
Rush, Ogburn, and Garner 2012 
Colegrove, unpubl. data 
Howard, Britt, and Simpson 1983 
Griner 1983 
Landy 1980 
Moore and Stackhouse 1978 
Landy 1980 
Griner 1983 
Sweeney 1973 
Landy 1980 
Rush, Ogburn, and Garner 2012 
Colegrove, unpubl. data 
Colegrove, unpubl. data 
Griner, in Landy 1980 
Howard, Britt, and Simpson 1983 


(Continued) 
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Neoplasms Reported in Marine Mammals 


Species 


Callorhinus ursinus 
Northern fur seal 


Tumor type 
Papilloma 


Fibroma 
Hemangioma 
Nephroblastoma 
Pheochromocytoma 


Astrocytoma (Glioblastoma 
multiforme) 
Leiomyoma 


Ganglioneuroblastoma 
Fibroma 
Carcinoma 
Granulosa cell tumor 
Squamous cell carcinoma 


Lymphosarcoma 
Fibrosarcoma 
Arctocephalus australis Carcinoma 
South American fur seal 
Arctocephalus pusillus Sarcoma 
African fur seal Granulosa cell tumor 
Odobenus rosmarus Osteosarcoma 
Walrus Mast cell tumor 
Leukemia 
Enhydra lutra Leiomyoma 
Sea otter 
Carcinoma 
Pheochromocytoma 
Seminoma 
Osteosarcoma 
Chondrosarcoma 
Fibrosarcoma 
Lymphoma 


Organ site Reference 
Vagina Howard, Britt, and Simpson 1983 
Skin Rivera et al. 2012 
Tongue Colegrove et al. 2010 
Skin Simpson and Gardner 1972 
Vagina Howard, Britt, and Simpson 1983 
Kidney Sweeney 1974 


Adrenal gland 
Brain 


Uterus 


Heart, stomach 


Rush, Ogburn, and Garner 2012 
Colegrove, unpubl. data 
Colegrove, unpubl. data 


Appleby, in Landy 1980 
Howard, Britt, and Simpson 1983 
Bossart 1990 


Spraker and Lander 2010 


Skin 
Adrenal gland 
Ovary 
Vagina, cervix Griner 1983 
Howard, Britt, and Simpson 1983 
Prepuce, penis Griner 1983 


Gingiva Bossart 1990 
Lymph nodes Stedham, Casey, and Keyes 1977 
Kidney Brown, Smith, and Keyes 1975 


Genital tract 


Dagleish et al. 2013 


Subcutis Laricchiuta et al. 2013 
Ovary Landy 1980 
Bone Piérard, Bisaillon, and Lariviére 1977 
Lungs Seguel et al. 2016 
Multicentric Larsen 1962 
Uterus Stetzer, Williams, and Nightingale 1981 
Williams and Pullet 1981 
Bile duct Stetzer, Williams, and Nightingale 1981 
Adrenal 
Testis Reimer and Lipscomb 1998 
Maxilla Rodriguez-Ramos Fernandez et al. 2012 
Ribs Burek-Huntington et al. 2012 
Subcutis Burek-Huntington et al. 2012 
Brain Tanaka et al. 2013 
Multicentric Kim et al. 2002a 


cancer (Acevedo-Whitehouse et al. 2003), and that associa- 
tion led to further identification of heparanase 2 GHPSE2) as 
a potential cancer gene in sea lions (Browning et al. 2014). 
Higher levels of PCBs and DDT have been found in sea lions 
with urogenital carcinoma, compared to sea lions without 
cancer; however, there is a confounding effect of body con- 
dition on blubber lipid organochlorine concentration and 
dynamics (Ylitalo et al. 2005; Hall et al. 2008). Alterations 
in p53, endogenous hormones, and/or interactions between 


contaminants and hormone receptors have also been postu- 
lated as potential cofactors in tumor development (Colegrove 
et al. 2009a). In affected sea lions, tumors arise in the penis 
or prepuce of males and the vagina or cervix of females, and, 
on necropsy, there is often widespread metastasis observed, 
especially to the retroperitoneal lymph nodes. Perineal and 
hindflipper edema and hind end paresis may be noted clini- 
cally (Gulland et al. 1996; Lipscomb et al. 2000; Colegrove et 
al. 2009a). Carcinoma in situ lesions in the genital tract may 
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be difficult to appreciate on gross necropsy; therefore, thor- 
ough histologic examination of the entire genital tract is often 
necessary to detect neoplastic transformation. Urogenital car- 
cinoma has occasionally been diagnosed in long-term captive 
sea lions. Exposure of these animals to stranded animals may 
be involved in the pathogenesis in these cases. Treatment has 
not been attempted. 

Tumors reported in marine mammals are listed in Table 
14.2. In compiling this table, tumors in individual animals 
that were reported in more than one reference are only 
referred to once. In addition, because some of the lesions 
in the literature are questionable, the definitions of tumors 
used by Geraci, Palmer, and St. Aubin (1987) were used, and 
lesions considered as probably not neoplastic were excluded. 


Trauma 


Intraspecific Trauma 


Parallel superficial skin lesions ‘rake marks”) due to intraspe- 
cific interactions are commonly observed in free-ranging and 
captive cetaceans and may be used as an indirect indicator 
of aggression and social status (Greenwood, Harrison, and 
Whitting 1974; Marley, Cheney, and Thompson 2013). Severe 
traumatic lesions in free-ranging bottlenose dolphin (Jursiops 
truncatus) calves characterized by bilateral rib fractures and 
subcutaneous and pulmonary hemorrhage have been attrib- 
uted to infanticide in multiple regions (Patterson et al. 1998; 
Dunn et al. 2002). Traumatic lesions and skin wounds in 
young dolphin calves may also be caused by inappropriate 
maternal behaviors by inexperienced dams, especially in cap- 
tive facilities (Colegrove, unpubl. data). Fractured lower jaws 
have been seen in sperm whales (Physeter macrocephalus) 
and small cetaceans in captivity, and have been variously 
attributed to intraspecific aggression or collisions with boats 
(Slijper 1962; Gill et al. 2002). 

Intraspecific aggression is more commonly observed 
in pinniped rookeries and may occur during territorial dis- 
putes and mating. Blunt traumatic lesions, characterized by 
bone fractures, hemorrhages, ruptured diaphragms, rup- 
tured hearts, and hepatic fissures, are commonly observed 
in pinniped pups on rookeries as a consequence of crushing 
by adults (Reiter, Stinson, and Le Boeuf 1978; Banish and 
Gilmartin 1992; Spraker and Lander 2010). Bites, resulting in 
puncture wounds, are also common in pinnipeds of all ages 
(Greenwood, Harrison, and Whitting 1974; Reiter, Stinson, 
and Le Boeuf 1978). These may become infected, resulting in 
abscesses, fasciitis, and occasionally osteomyelitis, polyarthri- 
tis, and meningitis or encephalitis (Spraker and Lander 2010). 
Displaced sexual behavior may also result in traumatic lesions 
to pinniped females and pups, including edema and hem- 
orrhage to the dorsum, pulmonary hemorrhages, fractured 
or luxated vertebrae, and metritis associated with trauma 
(Reiter, Stinson, and Le Boeuf 1978; Banish and Gilmartin 


1992). Sexual behavior in sea otters (Enhydra lutra) com- 
monly results in injury to the nose and face of the female and 
fracture of the os penis in males (Morejohn, Ames, and Lewis 
1975; Staedler and Riedman 1993; Bartlett et al. 2016). Mating 
wounds in sea otters can be severe enough to cause death 
(Bartlett et al. 2016; see Chapter 44). Cannibalism has been 
observed in gray seals (Halichoerus grypus; Bedard, Kovacs, 
and Hammill 1993; Brownlow et al. 2016), southern elephant 
seals (Mirounga leonine; Campagna, in Wilkinson et al. 
2000), and Hookers sea lions (Phocarctos hookeri, Wilkinson 
et al. 2000). 


Interspecific Trauma 


Acute traumatic lesions resulting from aggression between 
marine mammal species have been documented in a number 
of species. Parallel linear skin wounds commencing as three- 
cornered tears, subcutaneous bruising, shearing of the blub- 
ber from the subcutis, rib fractures occasionally associated 
with puncture of the underlying lung and pneumothorax, 
and dislocation of thoracic vertebrae, have been described 
in juvenile harbor porpoises as a result of violent interac- 
tions with bottlenose dolphins (Ross and Wilson 1996; Jepson 
and Baker 1998). Interspecific trauma from interactions with 
bottlenose dolphins was deemed an important factor in an 
Unusual Mortality Event (UME) observed in harbor porpoise 
in central California from 2008 to 2009 (Wilkin et al. 2012). 
Attacks by killer whales (Orcinus orca) on various cetaceans 
result in lesions varying from parallel rake marks to death 
(George et al. 1994; George and Suydam 1998). Healed pairs 
of puncture wounds have been observed in bowhead whales 
(Balaena mysticetus) and attributed to attacks from walrus 
(Odobenus rosmarus), with the spacing between the lesions 
corresponding to the distance between tusks (Philo, Shotts, 
and George 1993). Fractured skulls, proptosed eyeballs, sub- 
cutaneous hemorrhages, and puncture wounds in the soft 
tissue of the neck and head have been observed in female 
South American fur seals (Arctocephalus australis) and 
California sea lions dying as a result of interspecific sexual 
aggression by male southern (Otaria byroni) and Steller sea 
lions (Eumetopias jubatus), respectively (Miller 1996). A num- 
ber of sea lion species have been observed skinning and 
eating fur seal pups (Mattlin 1978; Gentry and Johnson 1981; 
Harcourt 1993; Robinson, Wynen, and Goldsworthy 1999). 
Gray seal predation has been implicated in distinct spiral lac- 
erations and wounds noted in other gray seals, harbor seals, 
and harbor porpoise (Brownlow et al. 2016). Forced copula- 
tion of juvenile harbor seals by southern sea otters has been 
described resulting in skin wounds and severe traumatic 
lesions to the genital tract and perineum (Harris et al. 2010). 
Wounds due to shark attacks are well described in a 
number of marine mammal species, with the species of shark 
and prey varying geographically (Alcorn and Kam 1986; 
Corkeron, Morris, and Bryden 1987a,b; Orams and Deakin 
1997, Kreuder et al. 2003). Cookie-cutter sharks Csistius 
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brasiliensis) use their lower teeth to remove plugs of flesh, 
leaving characteristic circular wounds that heal to leave cir- 
cular scars. These scars have been observed in cetaceans, 
elephant seals, and a Guadalupe fur seal (Arctocephalus 
townsendii, Jones 1971; Le Boeuf, Cosker, and Hewitt 1987; 
Gallo-Reynoso and Figueroa-Carranza 1992). Lesions due to 
other species of shark, such as the great white (Carcharodon 
carcharias), are typically an elliptical series or arc (of a radius 
varying with the size of the shark’s mouth) of deep puncture 
wounds or lacerations of varying lengths. With shark bites, 
appendages may be amputated, and there can be abrasions 
on bone, and occasionally a tooth can be found in the lesion 
(Le Boeuf, Riedman, and Keyes 1982; Kreuder et al. 2003). 
Triangular cuts with serrated edges in bone and tissue can 
also be noted with great white shark bite trauma (Kreuder et 
al. 2003). Vibrio carchariae has been isolated from shark bite 
wounds in humans and is thought to result in cellulitis (Pavia 
et al. 1989; Klontz et al. 1993). Although a range of Vibrio 
spp. has been cultured from the mouths of sharks (Buck, 
Spotte, and Gadbaw 1984), the significance of Vibrio spp. in 
shark bite wounds in marine mammals is unclear, since these 
organisms are often cultured from tissues of clinically normal 
animals. 

Although stingray spines have been reported embedded 
in the integument of a variety of species with no apparent 
ill effects (Castello 1977), acute and chronic inflammatory 
lesions of internal organs have been observed in bottlenose 
dolphins as a result of penetration and migration of stingray 
spines (Dasyatis spp.; Walsh et al. 1988; McClellan, Thayer, 
and Pabst 1996; McFee et al. 1997). Pericarditis and pleuritis 
were reported in an Australian fur seal (Arctocephalus pusil- 
lus) following penetration of the esophagus and migration 
of the spine from an Urolophus paucimaculatus (Obendorf 
and Presidente 1978). The death of a killer whale was attrib- 
uted to penetration of the pharynx and cranial carotid rete 
by a stingray spine (Duignan et al. 2000). Healed lesions 
associated with embedded swordfish and marlin bills have 
been reported in bowhead whales (Philo, Shotts, and George 
1993). Death has been attributed to pharyngeal or esopha- 
geal obstruction of various fish species, including sheepshead 
(Archosargus probatocephalus) in both cetaceans and pinni- 
peds (Banish and Gilmartin 1992; Byard et al. 2010; St. Leger 
et al. 2011). Puncture wounds, hemorrhage in head and neck 
tissues, and septicemia were described in harbor seal pups 
predated upon by coyotes (Steiger et al. 1989). 


Anthropogenic Trauma 


Over the past 15 years, there has been an increased effort to 
investigate the impacts of human activities on marine mam- 
mal populations worldwide. Evidence of human-induced 
lesions and mortality in small cetaceans was reviewed by 
Read and Murray (2000). Moore and Barco (2013) published 
a comprehensive description of case criteria useful for deter- 
mining human-related injury to pinnipeds and cetaceans. 


Extensive necropsy protocols for examining marine mam- 
mals for evidence of anthropogenic trauma have also been 
published (Moore and Barco 2013; see Chapter 13). 

Entanglement of marine mammals in debris such as 
packing bands, plastics, rope, and all types of fishing gear is 
commonly observed in stranded dead animals or via fisheries 
observation programs, and poses a significant global threat to 
pinnipeds and cetaceans (Heezen 1957; Heyning and Lewis 
1990; Waring et al. 1990; Kuiken et al. 1994; Perrin, Donovan, 
and Barlow 1994; Jepson 2006; Read, Drinker, and Northridge 
2006; Raum-Suryan, Jemison, and Pitcher 2009; Cassoff et al. 
2011; Knowlton et al. 2012; Luksenburg 2014; see Chapter 3). 
Fishing gear entanglements have significantly impacted the 
endangered North Atlantic right whale (Eubalaena glacialis) 
population, where photo-identification found that greater than 
80% of the population had scars from previous entanglements, 
and some individuals had evidence of multiple entanglement 
events (Knowlton et al. 2012). Apparently healthy, free-living 
animals with debris attached are sometimes observed (Fowler 
1986; Stewart and Yochem 1987). Determining whether death 
resulted from entanglement and drowning, or whether entan- 
glement occurred after death, can be difficult, and it is impor- 
tant to investigate underlying conditions that may predispose 
animals to entanglement/entrapment (e.g., domoic acid toxi- 
cosis, morbillivirus infection; Moore and Barco 2013). Though 
peracute underwater entrapment in fishing gear may not 
necessarily result in overt pathologic lesions, often there is 
some evidence of physical struggle (Moore and Barco 2013). 
Evidence of peracute underwater entrapment (bycatch) can 
include evidence of contact with fishing gear (e.g., net marks, 
hemorrhage), lesions suggestive of hypoxia (e.g., pulmonary 
edema, fluid in airways), physical injury (e.g., amputated fins, 
fractured rostrums), and occasionally pulmonary emphysema 
(Jepson 2006; Moore et al. 2013). Of note, though pulmonary 
edema and fluid in airways can be caused by hypoxic dam- 
age to alveolar membranes, it may also occur postmortem or 
secondary to other respiratory diseases (Lunetta and Modell 
2005; Moore and Barco 2013). Fresh (Code 2) odontocetes by- 
caught at depth (©100 m) were observed to have intravascular 
gas bubbles likely due to off-gassing of supersaturated tis- 
sues postmortem when the carcass was brought to the surface 
(Moore et al. 2009). There may also be evidence of recent 
feeding (Moore and Barco 2013). 

Entanglement can also result in chronic injury rather 
than immediate death by drowning. Marine debris may sur- 
round parts of an animal’s body loosely at first, becoming 
tighter as the animal grows, or as drag on the gear causes it 
to tighten. Pinnipeds tend to retain gear around the head and 
neck (Fowler 1986; Stewart and Yochem 1987; Goldstein et al. 
1999; Raum-Suryan, Jemison, and Pitcher 2009), whereas on 
cetaceans, gear tends to move caudally, entangling flippers, 
flukes, or the peduncle. If the gear falls away, sigmoid or spi- 
ral scars may remain (Philo, George, and Albert 1992; Cassoff 
et al. 2011; Moore and Barco 2013). Chronic entanglement can 
lead to impaired foraging and starvation, increased drag with 
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locomotion resulting in decreased body condition, systemic 
infection, severe tissue damage, and subsequent debilitation, 
and death (Cassoff et al. 2011; Moore and Barco 2013). 

Boat collisions can also cause sharp and/or blunt force 
traumatic injury and mortality in marine mammals (Kraus 
1990; Philo, Shotts, and George 1993; Moore and Barco 2013), 
but distinguishing pre- and postmortem collisions can be 
difficult. Histologic evaluation of skeletal muscle may aid in 
determining whether trauma occurred pre- or postmortem 
(Sierra et al. 2014; Stacy, Costidis, and Keene 2015). 

Vessel—animal collision can cause sharp trauma (e.g., lac- 
erations, hemorrhage, amputation) from the propeller; frac- 
tures in various locations such as the mandible, ribs, skull, 
and vertebrae; organ rupture; and hemorrhage and bruising 
of soft tissue (Campbell-Malone et al. 2008; Moore and Barco 
2013). Vessel strikes are particularly a concern when animals 
are within or migrating through shipping lanes or regions 
of increased boat traffic (van der Hoop et al. 2013; Moore 
and Barco 2013). Vessel strike was the third leading deter- 
mined cause of death in one investigation of large whales in 
the Northwest Atlantic (van der Hoop et al. 2013). Propeller 
injuries are most common in Florida manatees (see Chapter 
43; Lightsey et al. 2006), although they are also observed 
in pinnipeds and cetaceans (Griner 1983; Philo, Shotts, and 
George 1993; Wells and Scott 1997). Propeller-induced lesions 
are distinguished from shark bites, because propeller wounds 
are usually situated on the dorsum (shark bites are usually 
ventral and caudal), and are parallel, sharp cuts of equal 
length that may slice cleanly through bone (Moore and Barco 
2013). Foreign body injuries associated with fishhooks, shot- 
gun pellets, and bullets are common in pinnipeds on the 
west coast of the United States (Stroud and Roffe 1979; Griner 
1983; Goldstein et al. 1999). The extent of these lesions varies 
from little detectable impact on health (found as incidental 
lesions) to severe necrotizing lesions, gastrointestinal per- 
forations resulting in peritonitis, skull fractures, and death. 
Gunshot injuries often do not have characteristic entry and 
exit wounds, as these may have healed by the time the ani- 
mal is examined (Goldstein et al. 1999). Healed wounds asso- 
ciated with harpoon tips and exploding projectiles are well 
documented in bowhead whales (Philo, Shotts, and George 
1993). 

Tags used for identifying marine mammals may also 
cause foreign body reactions, extensive fibrosis, and tissue 
loss at the tag site, or may serve as a nidus for infection (see 
Chapter 32). 


Noise Exposure 


The effects of noise exposure on marine mammals were 
reviewed by Richardson et al. (1995) and Southall et al. (2007). 
Marine mammals exposed to anthropogenic sound may be 
affected by both auditory and non-auditory mechanisms. 
Hearing can be altered by inducing temporary threshold 


shifts (TTS) and permeant threshold shifts (PTS). Temporary 
threshold shifts induce reduced sensitivity to sounds, primar- 
ily from fatigue of the cochlear hair cells, and are reversible. 
Noise-induced PTS is due to tissue injury, such as perma- 
nent damage or loss of cochlear hair cells, and is irreversible. 
Hearing capabilities in marine mammals can be measured 
using either behavioral audiograms or evoked potential audi- 
ometry (auditory evoked potential, AEP; Southall et al. 2007). 
Increased use of AEP methods on stranded and captive ceta- 
ceans may help distinguish between age-associated hearing 
loss or hearing loss associated with disease or noise expo- 
sure (Houser and Finneran 2006). In addition, more advanced 
methods to examine the inner ear of cetaceans, including 
electron microscopy, histology, and immunofluorescence, 
are being developed to better determine the pathogenesis of 
hearing loss (see Chapter 13). 

Potential non-auditory affects include behavior changes, 
physiologic abnormalities, increased stress, gas and fat emboli 
syndrome (discussed in detail below), and hemorrhage and 
tissue damage (Evans and England 2001, Southall et al. 2007; 
Finneran 2015, Fernandez, Edwards, and Rodriquez 2005). 
Use of mid-frequency sonar was determined to cause a 
mass stranding of beaked whales (Family Ziphiidae) in the 
Bahamas in 2000. Hemorrhage was noted in the acoustic fat, 
temporal lobe subarachnoid region, within the lateral ven- 
tricles of the brain, and within and surrounding the ears 
of some of these whales (Evans and England 2001). Other 
lesions noted in beaked whale stranding events following 
sonar activity include widespread congestion, subarachnoid 
hemorrhage, hemorrhage within the white matter of the 
brain, and hemorrhage within the epidural vascular plexus 
of the medulla (Jepson et al. 2003; Fernandez, Edwards, and 
Rodriquez 2005). Blast-type injury to the ears, including round 
window rupture, bloody effusion of the peribullar spaces, 
and bilateral periotic fractures, was identified in humpback 
whales Wegaptera novaeangliae) found dead near the site 
of repeated sub-bottom blasting (Ketten, Lien, and Todd 
1993). Inner ear damage was also reported in Weddell seals 
(Leptonychotes weddelli) that were exposed to underwater 
blasts (Bohne, Bozzay, and Thomas 1986). 


Gas and Fat Emboli Syndrome 


In 2002, a number of beaked whales stranded in the Canary 
Islands following use of mid-frequency sonar during a naval 
exercise. In addition to the hemorrhagic lesions described 
above, these whales had widespread fat embolism and evi- 
dence of gas emboli or clear cavities in tissues (Jepson et 
al. 2003; Fernandez, Edwards, and Rodriquez 2005). Similar 
gas emboli and cavitary lesions have been observed in sev- 
eral species, including Rissos’s dolphins (Grampus griseus), 
stranding in the United Kingdom between 1992 and 2003. 
The liver and kidneys were some of the more common tissues 
affected in these animals. While these UK strandings were 
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not directly associated with acoustic events, a decompression 
sickness-like syndrome was postulated (Jepson et al. 2003). 
Since these first reports, gas and fat emboli lesions have been 
noted in multiple other stranded cetaceans, some associated 
with sonar events (Figure 14.1; Bernaldo de Quiros et al. 
2011; Raverty et al. 2011). While the exact pathogenesis of 
fat and gas emboli has not been completely elucidated, there 
are several plausible hypotheses. Embolism and gas bubble 
formation following noise or sonar exposure may occur from 
behavioral changes to normal dive profiles, causing excessive 
nitrogen supersaturation in tissues. There may also be a direct 
effect of sonar on in vivo gas bubble formation and expan- 
sion in tissues supersaturated with nitrogen gas (Jepson et al. 
2003; Fernandez, Edwards, and Rodriquez 2005). Fat emboli 
could occur due to trauma to the adipose tissue and/or from 
nitrogen bubble formation in tissues resulting in rupture that 
introduces both fat and gas into veins (Fernandez, Edwards, 
and Rodriquez 2005). Beaked whales and some other deep 
diving species may be at a greater risk for development of 
acoustic-related gas emboli due to their deep diving behavior 
and slow ascent speed (Houser, Howard, and Ridgway 2001). 
Gas emboli have also been identified in multiple pinni- 
ped and cetacean species drowning at depth in gillnets. Gas 
emboli were identified via computed tomography (CT) imag- 
ing of carcasses, as well as on gross and histologic evalua- 
tions (Moore et al. 2009). Dennison et al. (2012) also detected 
gas bubbles in a number of live-stranded dolphins via ultra- 
sound, and, in those that died prior to release, gas emboli 
were corroborated by CT and necropsy findings. The released 
animals identified with bubbles did not re-strand, suggest- 
ing that some degree of off-gassing of supersaturated blood 
and tissues and minor gas bubble formation likely occurs in 
marine mammals and is well tolerated. Gas bubble lesions 
were also noted in the brain of a stranded California sea lion. 
In this case, gas could have potentially been introduced to 
vasculature secondary to rib fracture (Van Bonn et al. 2011). 
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Figure 14.1. Spleen from a Risso’s dolphin with numerous gas emboli. 
(Courtesy of Dr. Paul Jepson.) 


As gas bubbles may develop in marine mammal tissues 
due to putrefaction, and gas may be introduced into tissues 
and vascular iatrogenically during the necropsy procedure, 
it is important to distinguish these postmortem artifacts 
from true gas embolism (Bernaldo de Quirds et al. 2012). 
Methodologies have been recently developed for in situ gas 
sampling and laboratory analysis, which can distinguish 
between gas associated with putrefaction and gas primarily 
composed of nitrogen (Bernaldo de Quirés et al. 2011, 2012). 
A scoring system has also been developed that can help to 
distinguish between decompression-related gas lesions, iat- 
rogenic air embolism, and putrefaction gases at necropsy 
(Bernaldo de Quirés et al. 2016; see Chapter 13). 


Miscellaneous 


Integumentary System 


Little is known about the etiology and pathogenesis of non- 
infectious skin lesions in marine mammals, although many 
of these lesions are observed and used to identify individu- 
als (Kraus et al. 1986; Wilson et al. 1997). Sloughing of the 
epidermis from exposed areas of skin is common in stranded 
cetaceans, and is presumed to be a consequence of expo- 
sure to ultraviolet light. However, it is rarely observed in 
healthy individuals maintained in climates with high ultra- 
violet exposure, and thus may be more of a response to 
drying (Ridgway 1972; Greenwood, Harrison, and Whitting 
1974; Geraci, St. Aubin, and Hicks 1986). Fissuring of the 
dermis around the blowhole is believed to be a conse- 
quence of drying (Simpson and Gardner 1972). A number 
of traumatic skin lesions resulting from drying, abrasions, 
and pressure necrosis are described as consequences of 
capture and transport (Greenwood, Harrison, and Whitting 
1974). The morphology of epidermal lesions classified as 
shallow lacerations, circular depressions, and epidermal 
sloughing has been described in detail in bowhead whales, 
although their etiology is unclear (Henk and Mullan 1996). 
An unusual case of cutaneous gout, characterized by granu- 
lomatous dermatitis with intradermal uric acid deposits that 
responded to treatment with allopurinol, was observed in 
an Amazon river dolphin Unia geoffrensis, Garman, Nuzzi, 
and Geraci 1983). 

In pinniped species, there have been a number of obser- 
vations of alopecia or abnormal molts, especially in pho- 
cids, in the northern regions of the Northern Hemisphere 
(Alaska, Canada, Northeast United States, United Kingdom). 
Additionally, an alopecia syndrome had been identified in 
Australian fur seals (Arctocephalus pusillus doriferus) and in 
polar bears (Ursus maritimus) in the Beaufort Sea (Lynch et al. 
2011, 2012; Atwood et al. 2015). In most of these instances, 
etiology has not been determined. Possible factors include 
endocrine or dietary factors, infectious disease, abnormal 
environmental cues (climate change), abnormal substrates 
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(decreased sea ice), and stress factors (Raverty and Burek, 
pers. comm.). In some phocids, molt-related alopecia resolves 
after the next molt (Haulena, pers. comm.). A characteristic 
ulcerative, hyperkeratotic skin disease has been described 
in northern elephant seals, but its etiology remains obscure 
(Beckmen et al. 1997). An alopecic skin lesion in a California 
sea lion with thinning of the epidermis, hyperkeratosis, and 
dilatation of cystic, keratin-filled hair follicles was reminis- 
cent of hypothyroid skin conditions in other animal species 
(Howard 1983). Deposits of iron salts on the keratin of hairs 
of harbor seals resulting in a red pelage are common in seals 
from San Francisco Bay, California, and rarely elsewhere 
(Allen et al. 1993). 

The reports of skin disease in free-ranging cetaceans 
have greatly increased over the past 10 years, likely due to 
the increased use of photo-identification surveys to moni- 
tor populations. Skin lesions thought to be due to expo- 
sure to low salinity water have been reported sporadically 
in free-ranging bottlenose dolphins in Lake Pontchartrain, 
LA, USA; Monterey Bay, CA, USA; and in the northern Gulf 
of Mexico; and Guiana dolphins (Sotalia guianensis) in 
Cananéia Estuary, Brazil (Riggin and Maldini 2010; Mullin 
et al. 2015; Van Bressem et al. 2015; Colegrove, unpubl. 
data). Similar lesions were noted in an out-of-habitat gray 
whale (Eschrichtius robustus) that swam up the Klamath 
River in California (Figure 14.2; Colegrove, unpubl. data). 
Lesions may appear as irregular pale gray patches of skin, to 
thickened corrugated skin with superficial accumulation of 
debris, plaques of brown to green material, and ulceration. 
Histologically there is epidermal hyperplasia, superficial 
epidermal degeneration, edema, and necrosis, ulceration, 
and superficial colonization of the epidermis with fun- 
gal organisms, algae, and/or diatoms. When severe, these 
lesions can lead to secondary infections and may result in 
death (Colegrove, unpubl. data). Similar lesions have been 
observed in dolphins maintained in low salinity water 
(Simpson and Gardner 1972; Greenwood, Harrison, and 


Figure 14.2 Gray whale with skin lesions caused by exposure to low 
salinity water. (Courtesy of Dr. Patricia Goley.) 


Whitting 1974). The etiology of many other skin conditions 
observed in cetaceans, including pale patches and nodular 
lesions, is not well understood (Van Bressem, de Oliveira 
Santos, and de Faria Oshima 2009; Van Bressem et al. 2014, 
2015). Orange patches of skin have been noted in some ceta- 
ceans and may be related to diatom overgrowth (Riggin and 
Maldini 2010; Van Bressem et al. 2015). 

A skin condition has been described in Florida manatees 
with chronic exposure to cold water, typically temperatures 
below 20°C (see Chapter 43; Bossart et al. 2002b). Similar 
lesions were also noted in dugongs exposed to water below 
20°C (Owen et al. 2013). 


Musculoskeletal System 


Fractures are regularly observed in skeletons of wild marine 
mammals (Slijper 1962; Ogden et al. 1981; Philo, Shotts, and 
George 1993). Although fractures are often attributed to boat 
strikes in recent times, Slijper (1962) states that fractures were 
as common in fossil whales, and he believed they were con- 
sequences of intraspecific aggression (see above). Rickets, 
characterized by multiple vertebral, rib, and limb bone frac- 
tures, and easily incised bones, have been diagnosed in two 
captive walrus calves fed with an artificial formula (Griner 
1983). Mandibular and maxillary fractures have been noted in 
small cetaceans in captivity, typically secondary to intraspe- 
cific aggression (Gill et al. 2002). 

Osteomyelitis of the skull is well documented in pinni- 
peds (Cave and Bonner 1987; Bergman, Olsson, and Reiland 
1992; Junin and Castello 1995). Cases are thought to result 
from abrasion or fracture of teeth, allowing entry of bacte- 
ria into the mandible (Stirling 1969; Stroud and Roffe 1979, 
Junin and Castello 1995). Hyperadrenocorticism resulting 
from exposure to contaminants may enhance development 
of osteolytic lesions in the periodontal lamellae of gray and 
harbor seals (Bergman and Olsson 1985). 

Peripheral limb and vertebral osteomyelitis and dis- 
kospondylitis are well documented in cetaceans and pinni- 
peds, and may be attributed to local trauma or hematogenous 
spread of infection (Cowan 1966; Lagier 1977; Foley 1979; 
Paterson 1984; Thomas-Baker 1986; Alexander, Solangi, and 
Riegel 1989; Sweeny et al. 2005). Ankylosing spondylosis 
has also been observed in belugas (Martineau et al. 1988), 
a Bryde’s whale (Balaenoptera edeni; Paterson 1984), har- 
bor porpoises (Kinze 1986; Baker and Martin 1992), and 
California sea lions (Griner 1983). Arthritis is one of the 
more common lesions associated with Brucella sp. infection 
in cetaceans; thus, some historic reports of degenerative and 
infectious arthritides may have actually been due to undiag- 
nosed brucellosis (Dagleish et al. 2007; Davison et al. 2013). 
For instance, arthritis has been described in the atlanto- 
occipital and/or humeroscapular joints of Gulf of Mexico 
bottlenose dolphins (Turnbull and Cowan 1999a), a region 
where dolphins are known to be sporadically infected with 
Brucella sp. (Venn-Watson et al. 2015). 
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Scoliosis and lordosis have been observed in cetaceans 
that survive stranding. However, free-living delphinids 
with vertebral column malformations or deviations have 
been observed, and these animals are apparently able 
to survive (Pineau, pers. comm.; Tregenza, pers. comm.; 
Berghan and Visser 2000). Vertebral abnormalities such as 
lateral curvature of the spinal processes and irregularities 
of the centra, as well as lordosis, have been documented 
in dolphin and whale skeletons, but because the whole 
animals’ skeletons were not examined, the clinical signifi- 
cance of these lesions is unknown (Wells and Lawrence 
1976; Crovetto 1982; San Martin et al. 2016). Scoliosis has 
also been observed in a southern sea otter (Rennie and 
Woodhouse 1988). 

Severe necrotizing myopathies, with lesions consistent 
with capture myopathy of terrestrial animals, have been 
described in California sea lions (Howard 1983). A multifo- 
cal, necrotizing myopathy of skeletal muscle and myocardium 
was observed in northern fur seals on St. Paul Island, Alaska, 
in 1990 and 1991, but the etiology was not apparent (Spraker 
and Lander 2010). 

Emaciation is an extremely common finding in neo- 
natal and juvenile marine mammals, especially pinnipeds. 
Emaciation of pups may be due to conditions affecting the 
dams. Such conditions are numerous and include failure 
of the mother to bond with her pup at birth; delay or fail- 
ure of the mother to return from, or find her pup after, 
a foraging trip; decreased prey resources; trauma; agalac- 
tia; mastitis; or death. Factors affecting the pup that could 
result in emaciation are also numerous and include dysto- 
cia and neonatal weakness, infection, hypothermia, and 
trauma. Emaciation of young pinnipeds is usually due to 
an inability to find food, especially during periods when 
oceanic conditions, for instance El Nifio, affect prey avail- 
ability (Trillmich et al. 1991). Emaciation, however, may be 
secondary to disease. Conversely, many emaciated animals 
have heavy parasite infections that may be secondary to 
emaciation. Female southern sea otters have an extremely 
high nutritional requirement during lactation and pup care 
that can lead to massive depletion of energy reserves, ema- 
ciation, and muscle atrophy in a condition defined as “end- 
lactation syndrome” (Chinn et al. 2016; see Chapter 45). 
Gross lesions of emaciation are loss of adipose tissues and 
skeletal muscle, the distribution of which varies with spe- 
cies. In both pinnipeds and cetaceans, lipid is lost from the 
blubber layer, resulting in a more fibrous appearance to the 
blubber. Loss of skeletal muscle mass and bone marrow fat 
may also occur in severely emaciated animals. The histo- 
logical lesions observed in emaciated, malnourished pinni- 
peds include serous atrophy of fat; atrophy of hepatocytes, 
gastric parietal cells, myocytes, and myocardial cells; bile 
stasis; and loss of zymogen granules from the pancreatic 
acinar cells. Hepatic lipidosis can also be seen occasionally 
in young cetaceans and pinnipeds due to inanition (Jaber 
et al. 2004; Colegrove, unpubl. data). 


Respiratory System 


Aspiration of milk following blunt trauma to the abdomen 
of recently nursed pups is occasionally seen in northern 
fur seals. Occasionally, pups playing in pools are trampled 
by older animals, and aspirate contaminated rookery water 
resulting in acute suppurative bronchopneumonia (Spraker 
and Lander 2010). Aspiration pneumonia may also be noted 
in cetaceans due to a number of causes including general- 
ized debilitation, secondary to gastrointestinal disease, or 
secondary to live stranding in the surf (Colegrove, unpubl. 
data). Aspiration of oil or GI contents and secondary bacterial 
infection were proposed as mechanisms by which oil expo- 
sure could have led to the severe pneumonias noted in Gulf 
of Mexico dolphins following the Deepwater Horizon oil spill 
(see Chapter 2; Venn-Watson et al. 2015). Pulmonary atelec- 
tasis, evidence of fetal distress, and in utero pneumonia were 
described in perinatal bottlenose dolphins stranding following 
the Deepwater Horizon oil spill and, in some cases, the lesions 
were due to Brucella sp. infection (Colegrove et al. 2016). 

Pulmonary angiomatosis has been most commonly 
reported in bottlenose dolphins; however, it has also 
been noted in common dolphin and a Fraser’s dolphin 
(Lagenodelphis hosei, Turnbull and Cowan 1999b; Torno and 
Buccat-Flores 2011, Diaz-Delgado et al. 2012b). Angiomatosis 
is a relatively common finding in bottlenose dolphins strand- 
ing in the Gulf of Mexico and along the east coast of the 
United States, and is usually not thought to be a significant 
cause of stranding or disease. Similar lesions may occasion- 
ally be noted in thoracic lymph nodes (Venn-Watson et al. 
2015; Colegrove, unpubl. data). The disease is characterized 
by multifocal, sometimes nodular, proliferations of small, 
thick-walled blood vessels, encircled by small to moderate 
amounts of fibrous connective tissue. The pleural surface can 
also be affected (Turnbull and Cowan 1999b). While the exact 
cause is unknown, one theory is that common lungworm 
infection causes release of angiogenic factors leading to vas- 
cular proliferation (Diaz-Delgado et al. 2012b). 

Anthracosis has been observed in lungs and mediasti- 
nal lymph nodes of bottlenose dolphins stranded off Florida 
(Rawson et al. 1991). Obstructive emphysema was described 
in a northern elephant seal (Saunders and Hubbard 1966). 
Pulmonary interstitial emphysema is commonly noted in sea 
otters that die in respiratory distress from a number of factors, 
and was observed in otters dying after being exposed to oil 
following the Exxon Vatpez oil spill (Lipscomb et al. 1994). 


Digestive System 


Gastric and proximal intestinal erosions and ulcerations are 
common in pinnipeds, cetaceans, and sea otters. Although 
many are caused by parasites (see Chapter 21), they may 
also be caused by bacterial infection (see Chapter 18), 
stress, or foreign bodies (Bossart et al. 1991). Occasionally 
these eroded areas may perforate, resulting in peritonitis 


282 Noninfectious Diseases 


(Simpson and Gardner 1972; Ridgway, Geraci, and Medway 
1975; Martineau et al. 1988; Fletcher et al. 1998). Proximal 
duodenal and pyloric ulceration may result in perforation, 
peritonitis, and death in malnourished pup and yearling free- 
ranging California sea lions. Ulcers in this region may develop 
due to alterations in gastric emptying, GI motility, or acid 
hypersecretion, and, in most cases, are not thought to be due 
to parasitism or bacterial infection (Zabka, Lowenstine, and 
Gulland 2005). Gastric ulceration is one of the more common 
gastrointestinal diseases noted in cetaceans in captivity, and, 
although ulcers may occur in any area of the stomach, the 
connecting chamber between the second and third compart- 
ments is frequently affected (Van Bonn 2002). 

Gastric and intestinal obstructions resulting from inges- 
tion of foreign bodies are widely reported in both captive 
(Appleby 1962; Ridgway 1965; Griner 1983) and free-ranging 
(Lambertsen and Kohn 1987; Kastelein and Lavaleije 1992; 
Tarpley and Marwitz 1993; Baird and Hooker 2000) marine 
mammals. Although stones are commonly observed in stom- 
achs of healthy marine mammals (Taylor 1993), they have 
also been associated with gastric ulceration and obstruc- 
tion (Griner 1983). Intestinal volvulus with necrosis has been 
observed in a number of cetaceans (reviewed by Begeman 
et al. 2012; Heidel and Albert 1994), as well as pinnipeds 
(Reddacliff 1988, Frasca, Dunn, and Van Kruningen 1996) and 
sea otters (Williams and Pinard 1983; Williams et al. 1987). 
Predisposing factors that have been postulated include more 
active behavior and chronic underlying gastrointestinal dis- 
ease (Begeman et al. 2012). 

Centrilobular hepatocellular lipid accumulation, degenera- 
tion, and necrosis have been noted in oiled sea otters follow- 
ing the Exxon Vatpez oil spill and in a few dolphins following 
the Deepwater Horizon oil spill (see Chapter 2; Lipscomb et al. 
1994; Venn-Watson et al. 2015). Portal fibrosis, bile duct prolifer- 
ation, and mild chronic inflammation can be noted in both free- 
ranging cetaceans and pinnipeds, most commonly secondary 
to trematode infection (Colegrove, unpubl. data). Cholelithiasis, 
with occlusion of the intrahepatic bile ducts by calculi, has been 
observed, albeit rarely, in California sea lions and northern 
elephant seals (Howard 1983). Hepatic hemosiderosis is noted 
frequently in several pinniped species including young north- 
ern elephant, harbor, and Hawaiian monk seals, and occasion- 
ally in northern fur seals and California sea lions (Banish and 
Gilmartin 1992; Colegrove, unpubl. data). Hemosiderosis and 
hemochromatosis have also been identified in bottlenose dol- 
phins in managed care, and a metabolic etiology is suspected 
(Venn-Watson, Smith, and Jensen 2008, Venn-Watson et al. 
2012c). Phlebotomy has been successfully used to reduce iron 
body stores in these dolphins (Johnson et al. 2009). 

Pancreatitis has been rarely described in California sea 
lions and pilot whales, with leakage of pancreatic enzymes 
into the peri-pancreatic fat, causing fat necrosis (Howard 
1983; Bossart et al. 1991). In one sea lion, chronic pancreatitis 
was associated with secondary diabetes mellitus (Meegan et 
al. 2008). 


Genitourinary System 


Among marine mammal species, urolithiasis has been most 
frequently reported in bottlenose dolphins and has been 
observed in both captive, and less commonly, free-ranging 
animals (Simpson and Gardner 1972; Rotstein et al. 2007; 
Venn-Watson et al. 2010). Calculi can be noted in the kidneys 
and/or ureters (Venn-Watson et al. 2007, 2010). In one study 
of animals under managed care, calculi were characterized 
as 100% ammonium acid urate and were associated with 
anemia, high blood urea nitrogen, high creatinine, and a low 
glomerular filtration rate (Venn-Watson et al. 2010). Smith et 
al. (2014) demonstrated that feeding dolphins with boluses of 
fish resulted in an increase in urinary ammonium, uric acid, 
and pH, which is favorable for precipitation of ammonium 
urates. Surgery and laser lithotripsy have been among inter- 
ventions used to attempt to alleviate obstructions (Schmitt 
and Sur 2012). Urolithiasis has also been reported sporadi- 
cally in harbor, ringed (Phoca hispida), northern elephant, 
and Weddell eptonychotes weddellii) seals, California sea 
lions, Pacific white-sided dolphin agenorrbynchus obliq- 
uidens), a pygmy sperm whale (Kogia breviceps), and a 
beaked whale (Sweeney 1974; Ridgway, Geraci, and Medway 
1975; Stroud 1979; Larsen 1962; Howard 1983; Griner 1983; 
Cowan, Walker, and Brownell 1986; Harms et al. 2004; 
Dennison et al. 2007). 

Both renal and systemic amyloidoses have been 
reported in bottlenose dolphins and California sea lions. 
In both species, amyloid deposition is often most promi- 
nent at the corticomedullary junction and is thought to be 
AA amyloid secondary to chronic inflammatory or neo- 
plastic conditions (Cowan 1995; Colegrove et al. 2009b). 
Free-ranging California sea lions can have mild lympho- 
cytic interstitial nephritis as a background lesion unrelated 
to active leptospirosis. Papillary lesions corresponding to 
regions of urothelial hyperplasia can be noted occasion- 
ally within the urinary bladder of California sea lions, and 
lesions are related to urogenital carcinoma or active cysti- 
tis (Colegrove, unpubl. data). Tubular nephrosis has been 
observed in stranded cetaceans and is associated with 
myoglobinuria, suggesting exertional myopathy (Cowan, 
Walker, and Brownell 1986). 

Vaginal calculi have been described in multiple ceta- 
cean species and were originally believed to be vaginal 
plugs formed from coagulated seminal fluid (Harrison 
1969, Sawyer and Walker 1977; Cowan, Walker, and 
Brownell 1986; Woodhouse and Rennie 1991; Van Bressem 
et al. 2000; McFee and Carl 2004). However, further stud- 
ies comparing composition and structure with those of 
delphinid fetuses suggest that calculi are fetal remains 
that can act as niduses for further calculus development 
(Benirschke, Henderson, and Sweeney 1984; Perrin, 
Brownell, and DeMaster 1984; Woodhouse and Rennie 
1991). In one affected bottlenose dolphin, the calculus 
was determined to be struvite, suggesting that calculus 


Noninfectious Diseases 283 


formation occurred in the urinary tract, possibly due to 
a previous urinary tract infection (McFee and Carl 2004). 
Allantoic calculi have been observed in the Ganges river 
dolphin Platanista gangetica, Pilleri 1977). 

Uterine ruptures, prolapses, and torsions have been 
observed in California sea lions after having seizures in 
late gestation due to domoic acid toxicosis (Gulland 2000). 
Reproductive abnormalities in northern fur seals on rookeries 
have also been observed, including a ruptured uterus with 
intra-abdominal delivery of the fetus, vaginal laceration with 
evisceration, and uterine prolapse (Spraker and Lander 2010). 
A uterine torsion was also observed in a California sea otter 
with scoliosis (Rennie and Woodhouse 1988). Uterine horn 
stenosis and occlusion have been reported in gray and ringed 
seals (Helle, Olsson, and Jensen 1976; Bergman and Olsson 
1985; Baker 1989b). These lesions have been attributed to 
contaminant exposure, although the etiology is unclear (see 
Chapter 15). Luteinized ovarian cysts have been docu- 
mented in striped dolphins (Munson et al. 1998). Follicular 
ovarian cysts and a luteinized cyst were reported in Peruvian 
dusky dolphins Lagenorhynchus obscurus; Van Bressem et 
al. 2000). Dystocia, resulting in death of the female with 
the calf lodged in the vagina, appears to be more common 
in harbor porpoises than other marine mammal species, as 
several cases have been observed (Stroud and Roffe 1979; 
Baker and Martin 1992; Daoust and McBurney 1997; Chivers, 
pers. comm.; Gulland, pers. comm.). Umbilical cord acci- 
dents have been reported to cause fetal death and abortion 
or stillbirth in bottlenose dolphins and beluga (Brook et al. 
2007). 


Endocrine System 


Little is known about the effects of aging, reproductive cycle, 
season, starvation, and/or disease status on the histologi- 
cal appearance and function of endocrine glands in marine 
mammals (see Chapter 7). Thus, interpretation of histologi- 
cal changes in appearance of endocrine pathology is still very 
subjective. 

Suspected goiter has been reported in thyroids from 
pilot whales and young captive-born bottlenose dolphins 
(Cowan 1966; Garner et al. 2002). Colloid depletion and 
fibrosis have been noted in harbor seals and harbor por- 
poises (Schumacher et al. 1993). Chronic lymphocytic, intersti- 
tial thyroiditis, and nodular hyperplasia of thyroid epithelial 
cells have been observed in northern right whale dolphins 
(issodelphis borealis; Howard 1983). Nodular thyroid hyper- 
plasia is occasionally noted in geriatric California sea lions 
and may be a precursor to thyroid neoplasia (Colegrove, 
unpubl. data). 

Bottlenose dolphins in managed care can have a sustained 
postprandial hyperglycemia and hyperinsulinemia, dyslipid- 
emia, and fatty liver disease, similar to metabolic syndrome 
in humans (Venn-Watson et al. 2013). Thus, dolphins have 
been proposed as a model for type 2 diabetes (Venn-Watson 


et al. 2012a). In one investigation, the most common pancre- 
atic lesions identified in bottlenose dolphins in managed care 
were pancreatic fibrosis and islet cell vacuolation; however, 
no dolphins had evidence of islet amyloidosis, a lesion com- 
monly associated with type 2 diabetes (Colegrove and Venn- 
Watson 2015). 

Adrenal cortical hyperplasia can be noted in stranded 
marine mammals or in captive animals with chronic dis- 
ease conditions, and is thought to be secondary to stress 
(Griner 1983; Lair et al. 1997; Clark, Cowan, and Pfeiffer 2006; 
Colegrove, unpubl. data). While lipid depletion of adrenocor- 
tical cells has been previously thought to be due to stress in 
dolphins, this lesion is observed frequently in dolphins dying 
with both acute and chronic diseases, suggesting the amount 
of lipid within corticocytes is mediated by other factors 
(Bossart et al. 1991; Colegrove, unpubl. data). Adrenal cysts, 
vacuolar degeneration, medullary hyperplasia, and hyper- 
plastic cortical nodules have been reported in belugas (De 
Guise et al. 1995; Lair et al. 1997). Hyperadrenocorticism asso- 
ciated with skull, uterine, and renal changes has been attrib- 
uted to exposure to environmental contaminants (Bergman, 
Olsson, and Reiland 1992; see Chapter 15). Stranded bottle- 
nose dolphins examined following the Deepwater Horizon oil 
spill had a high prevalence of adrenocortical atrophy, and 
live dolphins in the oil spill footprint had blood changes 
consistent with hypoadrenocorticism. These abnormalities 
were postulated to be due to the effects of exposure to PAHs 
and alterations of the hypothalamus-pituitary—adrenal gland 
(HPA) axis (Schwacke et al. 2014; Venn-Watson et al. 2015). 
Adrenal cortical atrophy can also be observed in bottlenose 
dolphins treated with high doses of corticosteroids or meges- 
terol acetate for behavior control or appetite stimulation 
(Colegrove, unpubl. data). It is likely that megesterol acetate, 
similar to corticosteroids, can cause inhibition of the HPA 
axis (Manire 2010). 

Pituitary gland lesions including hyperplastic nodules 
were noted in bottlenose dolphins from the western Gulf of 
Mexico (Haubold and Cowan 2000). 


Cardiovascular System 


Degenerative disease of the aorta and coronary vessels, 
varying from small fibrous intimal plaques to larger fibrous 
plaques and medial necrosis, have been reported in a num- 
ber of cetaceans (Roberts et al. 1965; Cowan, Walker, and 
Brownell 1986) and pinniped species (Prathap et al. 1966; 
Stout 1969; Howard 1983). Most commonly, fibrous intimal 
plaques were observed, with no complication by thrombi or 
hemorrhage (Truex et al. 1961; Roberts et al. 1965; Cowan 
1966; Stout 1969). However, a killer whale with extensive ath- 
erosclerotic changes did develop ulceration and thrombi in 
the anterior descending coronary artery and aorta (Roberts 
et al. 1965). Age-related arteriosclerosis has been noted in 
geriatric animals, most commonly in the heart and brain of 
pinnipeds (Colegrove, unpubl. data). Cerebral infarction has 
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been noted in several aged California sea lions as well as a 
17-year-old Hawaiian monk seal with arteriosclerosis (Banish 
and Gilmartin 1992; Colegrove, unpubl. data). 

Vegetative valvular endocarditis and/or aortitis is occa- 
sionally noted in pinnipeds, usually in association with other 
inflammatory lesions and bacterial infection (Griner 1983; 
Kim et al. 2002b). Valvular endocarditis due to Streptococcus 
infantarius subsp. coli is an important cause of mortal- 
ity in northern sea otters (Counihan-Edgar et al. 2012; see 
Chapters 18 and 44). Valvular endocardiosis or valvular 
fibrosis was relatively common in neonatal manatees and 
seemed to regress as the animals aged (Buergelt et al. 1990). 
Endocardiosis is occasionally noted in aged pinnipeds and 
sea otters (Colegrove, unpubl. data). Nodules have been 
observed on the mitral valve of a pilot whale (Cowan 1966). 

Disseminated intravascular coagulation has been docu- 
mented in northern elephant seals as a consequence of vascu- 
litis and septicemia associated with Ofostrongylus circumlitus 
infestation (Gulland et al. 1997). Thrombosis of the pulmo- 
nary artery, with extensive lung necrosis, has been observed 
in elephant seals and northern fur seals (Griner 1983). 

Myocardial interstitial fibrosis can be noted occasionally 
in aged California sea lions, most often in males. This condi- 
tion has been associated with acute death during anesthetic 
procedures in several older animals (Colegrove, unpubl. data). 
Myocardial necrosis can also be seen secondary to hypoxia 
in pinnipeds that develop complications during anesthetic 
events (Colegrove, unpubl. data). Heart failure is occasionally 
diagnosed in geriatric bottlenose dolphins (Briggs and Kinsel 
2002; Lutmerding et al. 2015). 

A high prevalence of cardiomyopathy has been observed 
in stranded Kogia sp. and pygmy (. breviceps) and dwarf 
(K. sima) sperm whales. Lesions include anisokaryosis and 
karyomegaly of cardiac myocytes, cardiac myocyte nuclear 
rowing, interstitial edema, myofiber disarray, and, less com- 
monly, interstitial fibrosis. The cause of this condition is 
unknown (Bossart et al. 2007). 

Myocardial contraction band necrosis, characterized by 
focal hypercontraction and lysis of contractile filaments in 
small groups of myocardial cells, has been well documented 
in a range of cetacean species following stranding (Bossart 
et al. 1991; Turnbull and Cowan 1998). In terrestrial species, 
it is known to be a consequence of a catecholamine surge, 
and it is likely that this mechanism is important in stranded 
cetaceans, although it has yet to be investigated. 


Lymphoid System 


Cowan (1966) reported fibrous and granulomatous nodules 
and scar tissue in the spleens of pilot whales killed for 
subsistence use. Hyaline sclerosis of the splenic capsule 
and residua of subcapsular hemorrhage were observed in 
stranded common dolphins (Cowan, Walker, and Brownell 
1986), as well as in spinner dolphins caught as bycatch 
(Cowan and Walker 1979). Siderotic plaques of the splenic 


capsule are common in northern fur seals and Steller sea 
lions on rookeries and haul-outs, presumably hitting rocks, 
causing blunt trauma to the abdomen and splenic hemor- 
rhage (Spraker and Lander 2010). 


Nervous System and Special Senses 


Cerebral infarction has been diagnosed in common dolphins, 
bottlenose dolphins, and California sea lions (Howard 1983; 
Colegrove, unpubl. data). In sea lions, the infarcts were occa- 
sionally secondary to age-associated cerebral arteriosclero- 
sis or cerebral vascular amyloidosis. Cerebral edema can be 
noted as a consequence of sepsis in phocid pups (Colegrove 
unpubl. data). Also bilaterally symmetrical areas of edema 
and malacia were noted in the caudate nucleus of a young 
northern fur seal; however, a cause was not determined 
(Fravel et al. 2015). 


Acknowledgments 


We are indebted to the numerous veterinarians, biologists, 
scientists, technicians, trainers, and stranding network mem- 
bers that have contributed to the information presented in 
this chapter. Judy St. Leger and Dave Rotstein are acknowl- 
edged for helpful editorial comments. Frances Gulland, Linda 
Lowenstine, Terry Spraker, and Mike Kinsel are acknowl- 
edged for invaluable insight, and the following for personal 
communications: Ailsa Hall, Susan Chivers, Nick Tregenza, 
John Heyning, Stephen Raverty, Kathy Burek Huntington, and 
Martin Haulena. 


References 


Acevedo-Whitehouse, K., F. Constantino-Casa, D. Aurioles-Gamboa, 
1999. 
Hepatic carcinoma with spleen metastasis in a California sea 
lion from the Gulf of California. J Wildl Dis 35: 565-568. 
Acevedo-Whitehouse, K., F. Gulland, D. Greig et al. 2003. Inbreeding: 
Disease susceptibility in California sea lions. Nature 422: 35. 
Alcorn, DJ., and A.K.H. Kam. 1986. Fatal shark attack on a Hawaiian 
monk seal (Monachus schauinsdlandi). Mar Mammal Sci 2: 
313-315. 
Alexander, J.W., M.A. Solangi, and L.S. Riegel. 1989. Vertebral osteo- 
myelitis and suspected diskospondylitis in an Atlantic bottle- 
nose dolphin (Tursiops truncatus). J Wildl Dis 25; 118-121. 
Allen, S.G., M. Stephenson, RW. Riseborough, L. Fancher, A. Shiller, 
and D. Smith. 1993. Red-pelaged harbor seals of the San 
Francisco Bay region. J Mammal 74: 588-593. 
Anderson, W.I., H. Steinberg, DW. Scott, and J.M. King. 1990. 
Cutaneous squamous cell carcinoma and multiple epidermoid 


H.A. Rodriguez-Martinez, and C.R. Godinez-Reyes. 


cysts in a California sea lion. Aquat Mamm 106: 21-22. 
Andrews, R.C. 1921. A remarkable case of external hindlimbs in a 
humpback whale. Am Mus Novit 9: 1-6. 


Noninfectious Diseases 285 


Appleby, E.C. 1962. A case of gastric perforation by a foreign body 
in an elephant seal Wirounga leonina). Nord Vet-Med 14: 
164-165. 

Arbelo, M., A. Espinosa de los Monteros, P. Herraez, P. et al. 2014. 
Primary central nervous system T-cell lymphoma in a common 
dolphin (Delphinus delphis). J Comp Pathol 150: 336-340. 

Atwood, T., E. Peacock, K. Burek-Huntington et al. 2015. Prevalence 
and spatio-temporal variation of an alopecia syndrome in 
polar bears (Ursus maritimus) of the southern Beaufort Sea. 
J Wild Dis 51: 48-59. 

Baily, J.L., L-R. Morrison, I.A. Patterson, C. Underwood, and M.P. 
Dagleish. 2013. Primitive neuroectodermal tumor in a striped 
dolphin (Stenella coeruleoalba) with features of ependymoma 
and neural tube differentiation (medulloepithelioma). J Comp 
Pathol 149: 514-519. 

Baird, R.W., and S.K. Hooker. 2000. Ingestion of plastic and unusual 
prey by a juvenile harbour porpoise. Mar Pollut Bull 40: 
719-720. 

Baker, J.R. 1989a. Natural causes of death in non-suckling grey seals 
(Halichoerus grypus). Vet Rec 125: 500-503. 

Baker, J.R. 1989b. Pollution-associated uterine lesions in grey seals 
from the Liverpool Bay area of the Irish Sea. Vet Rec 125: 303. 

Baker, J.R., and A.R. Martin. 1992. Causes of mortality and parasites 
and incidental lesions in harbour porpoises (Phocoena pho- 
coena) from British waters. Vet Rec 130: 554-558. 

Banish, L.D., and W.G. Gilmartin. 1992. Pathological findings in the 
Hawaiian monk seal. J Wildl Dis 28: 428-434. 

Bannister, J.L. 1962. An intersexual fin whale Balaenoptera physalus 
(L.) from South Georgia. Proceedings of the Zoological Society 
of London 141: 811-822. 

Bartlett, G., W. Smith, C. Dominik et al. 2016. Prevalence, pathology, 
and risk factors associated with Streptococcus phocae infec- 
tion in southern sea otters (Enhydra lutris nereis), 2004-2010. 
J Wildl Dis 58: 1-9. 

Bedard, C., K. Kovacs, and M. Hammill. 1993. Cannibalism by grey 
seals, Halichoerus grypus, on Amet Island, Nova Scotia. Mar 
Mammal Sci 9: 421-424. 

Beckmen, K.B., L.J. Lowenstine, J. Newman, J. Hill, K. Hanni, and 
J. Gerber. 1997. Clinical and pathological characterization of 
northern elephant seal skin disease. J Wildl Dis 33: 438-449. 

Begeman, L., J.A. St. Leger, DJ. Blyde et al. 2012. Intestinal volvulus 
in cetaceans. Vet Pathol 50: 590-596. 

Benirschke, K., J.R. Henderson, and J.C. Sweeney. 1984. A vaginal 
mass, containing fetal bones, ina common dolphin, Delphinus 
delphis. In Reproduction of Whales, Dolphins and Porpoise, 
Special Issue 6, ed. W.F. Perrin, R.L Brownell, and D.P. 
DeMaster, 457-458. Cambridge, UK: International Whaling 
Commission. 

Benirschke, K., and H. Marsh. 1984. Anatomic and pathologic obser- 
vations of female reproductive organs in the short-finned 
pilot whale, Globicephala macrorhynchus. In Report of the 
International Whaling Commission: Reproduction of Whales, 
Dolphins and Porpoise, Special Issue 6, ed. W.F. Perrin, 
R.L Brownell, and D.P. DeMaster, 451-454. Cambridge, UK: 
International Whaling Commission. 


Berghan, J., and I.N. Visser. 2000. Vertebral column malformations 
in New Zealand delphinids with a review of cases worldwide. 
Aquat Mamm 26: 17-25. 

Bergman, A. 1997. Trends of disease complex in Baltic grey seals 
from 1977 to 1996: Improved gynecological health but still 
high prevalence of fatal intestinal wounds. Paper presented at 
the Working Group on Seals and Small Cetaceans in European 
Seas, Stockholm, Sweden. 

Bergman, A., and M. Olsson. 1985. Pathology of Baltic grey seal and 
ringed seal females with special reference to adrenocortical 
hyperplasia: Is environmental pollution the cause of a widely 
distributed disease syndrome? Finn Game Res 44: 47-62. 

Bergman, A., M. Olsson, and S. Reiland. 1992. Skull bone lesions in 
the Baltic grey seal. Ambio 21: 517-517. 

Bernaldo de Quirds, Y., O. Gonzalez-Diaz, M. Arbelo et al. 2012. 
Decompression versus decomposition: Distribution, amount, 
and gas composition of bubbles in stranded marine mammals. 
Front Physiol 3: 177. 

Bernaldo de Quirés, Y., O. Gonzalez-Diaz, P. Saaverdra et al. 2011. 
Methodology for in situ gas sampling, transport and laboratory 
analysis of gases from stranded cetaceans. Sci Rep 1: 193. 

Bernaldo de Quirés, Y., P. Saaverda, A. Mollerokken et al. 2016. 
Differentiation at necropsy between in vivo gas embolism and 
putrefaction using a gas score. Res Vet Sci 106: 48-55. 

Biancani, B., G. Lacave, G.E. Magi, and R. Rossi. 2010. Ovarian inter- 
stitial cell tumor in a South American sea lion (Otaria flaves- 
cens). J Wildl Dis 46: 1012-1016. 

Bohne, B.A., D.G. Bozzay, and J.A. Thomas. 1986. Evaluation of 
inner ear pathology in Weddell seals. Antarct J US 21: 208. 

Bossart, G.D. 1990. Invasive gingival squamous cell carcinoma in a 
California sea lion (Zalophus californianus). J] Zoo Wildl Med 
21: 92-94. 

Bossart G.D., C. Cray, J.-L. Solorzano, SJ. Decker, L-H. Cornell, and 
N.H. Altman. 1996. Papillomaviral-like papillomatosis in a 
killer whale. Mar Mammal Sci 12: 274-281. 

Bossart G.D., G. Hensley, J. Goldstein et al. 2007. Cardiomyopathy 
and myocardial degeneration in stranded pygmy (Kogia brevi- 
ceps) and dwarf (Kogia sima) sperm whales. Aquat Mamm 33: 
214-222. 

Bossart, G.D., M.T. Walsh, D.K. Odell et al. 1991. Histopathologic 
findings of a mass stranding of pilot whales (Globicephala 
macrorhynchus). In Marine Mammal Strandings in the United 
States, ed. J.E. Reynolds, and D.K. Odell. NOAA Technical 
Report, NMFS 98: 85-90. 

Bossart, G.D., R.A. Meisner, S.A. Rommel, S.-J. Ghim et al. 2002b. 
Pathologic features of the Florida manatee cold stress syn- 
drome. Aquat Mamm 29: 9-17. 

Bossart, G.D., R. Ewing, AJ. Herron et al. 1997. Immunoblastic 
malignant lymphoma in dolphins: Histologic, ultrastructural, 
and immunohistochemical features. J Vet Diagn Invest 9: 
454-458. 

Bossart, G.D., R. Ewing, M. Lowe, D. Murphy, and M. Sweat. 1998. 
Cutaneous viral papilloma in manatees. In Proceedings, 
Captive Manatee Reintroduction/Release Workshop, Florida 
Marine Research Institute, St. Petersburg, FL. 


286 Noninfectious Diseases 


Bossart, G.D., R-Y. Ewing, M. Lowe et al. 2002a. Viral papillomato- 
sis in Florida manatees (Trichechus manatus latirostris). Exp 
Molec Path 72: 37-48. 

Bossart, G.D., S. Ghim, M. Rehtanz et al. 2005. Orogenital neopla- 
sia in Atlantic bottlenose dolphins (Jursiops truncatus). Aquat 
Mamm 31: 473-480. 

Bowen L., B.M. Aldridge, R. Delong et al. 2005. An immunogenetic 
basis for the high prevalence of urogenital cancer in a free- 
ranging population of California sea lions (Zalophus califor- 
nianus). Immunogenetics 56: 846-848. 

Briggs, M.E., and MJ. Kinsel. 2002. Congestive heart failure in a 
captive Atlantic bottlenose dolphin (ursiops truncatus). In 
Proceedings of the 33rd Annual Conference of the International 
Association for Aquatic Animal Medicine, Algarve, Portugal. 

Brook, F., D. Garcia Parraga, T. Alvaro, M. Valls, P. Smolensky, and 
L. Dalton. 2007. Umbilical cord accident and dolphin calf 


mortality. In Proceedings of the 38th Annual Conference of 


the International Association for Aquatic Animal Medicine, 
Orlando, FL, USA. 

Brown, RJ., AW. Smith, GV. Morejohn, and R.I. De Long. 1980. 
Metastatic adenocarcinoma in two California 
(Zalophus californianus). J Wildl Dis 16: 261-260. 

Brown, RJ., A.W. Smith, and M.C. Keyes. 1975. Renal fibrosarcoma 
in the northern fur seal. J Wildl Dis 11: 23-25. 

Browning H.M., F.M.D. Gulland, J.A. Hammond, K.M. Colegrove, 
and AJ. Hall. 2015. Common cancer in a wild animal: The 


sea lions 


California sea lion (Zalophus californianus) as an emerging 
model for carcinogenesis. Philos Trans R Soc Lond B Biol Sci 
370: 20140228. 

Browning, H.M., K. Acevedo-Whitehouse, F.M.D. Gulland et al. 
2014. Evidence for a genetic basis of urogenital carcinoma in 
the wild California sea lion. Proc. R. Soc. B 281: 20140240. 

Brownlow, A., J. Onoufrious, A. Bishop, N. Davison, and D. Thompson. 
2016. Corkscrew seals: Greyseal (Halichoerus grypus) infanti- 
cide and cannibalism may indicate the cause of spiral lacera- 
tions in seals. PLoS One 11: e0156464. 

Buck, J.D., S. Spotte, and JJ. Gadbaw Jr. 1984. Bacteriology of the 
teeth from a great white shark: Potential medical implications 
for shark bite victims. J Clin Microbiol 20: 849-851. 

Buckles, E.L., F.M.D. Gulland, B.M. Aldridge et al. 2006. Fetus in fetu 
in a harbor seal (Phoca vitulina richardi): Histopathologic, 
genetic, and toxicologic analysis. Vet Pathol 43: 541-544. 

Buckles, E.L., LJ. Lowenstine, R.L. DeLong et al. 2007. Age preva- 
lence of Otarine Herpesvirus-1, a tumor associated virus, and 
possibility of sexual transmission. Vet Microbiol 120: 1-8. 

Buergelt, C.D., R-K. Bonde, C.A. Beck, and TJ. O’Shea. 1990. 
Myxomatous transformation of heart valves in Florida mana- 
tees. J Zoo Wild Med 21: 220-227. 

Burek-Huntington, K., D.M. Mulcahy, A.M. Doroff, and T.O. Johnson. 
2012. Sarcomas in three free-ranging northern sea otters 
(Enhydra lutris kenyoni) in Alaska. J Wildl Dis 48: 483-487. 

Byard, RW., I. Tomo, C.M. Kemper et al. 2010. Unusual causes 
of fatal upper aerodigestive tract obstruction in wild bottle- 
nose dolphins (Tursiops aduncus). Forensic Sci Med Pathol 6: 
207-210. 


Campbell-Malone, R., S.G. Barco, PY. Daoust et al. 2008. Gross and 
histologic evidence of sharp and blunt force trauma in North 
Atlantic right whales (Eubalaena glacialis) killed by vessels. 
J Zoo Wild Med 39: 37-55. 

Cassoff, R.M., K.M. Moore, W.A. McLellan et al. 2011. Lethal entan- 
glement in baleen whales. Dis Aquat Org 96: 175-185. 

Castello, H.P. 1977. Food of a killer whale: Eagle sting-ray, Myliobatis, 
found in the stomach of a stranded Orcinus orca. Sci Rep 
Whales Res Inst 29: 107-111. 

Cave, AJ.E., and W.N. Bonner. 1987. Facial asymmetry in a leopard 
seal, Hydrurga leptonyx. Br Antart Survey Bull 75: 67-71. 
Chinn, S.M., M.A. Miller, M-T. Tinker et al. 2016. The high cost of 
motherhood: End-lactation syndrome in southern sea otters 
(Enhydra lutris nereis) on the central California coast, USA. 

J Wildl Dis 52: 307-318. 

Clark, L.S., D.F. Cowan, and D.C. Pfeiffer. 2006. Morphological 
changes in the Atlantic bottlenose dolphin (/ursiops trun- 
catus) adrenal gland associated with chronic stress. J Comp 
Pathol 135: 208-2106. 

Clarke, R. 1956. Sperm whales of the Azores. Discovery Report 28: 
237-298. 

Cockrill, W.R. 1960. Pathology of the cetacea: A veterinary study on 
whales. Br Vet J 116: 1-30. 

Colegrove, K.M., F.M.D. Gulland, D.K. Naydan, and LJ. Lowenstine. 
2009a. Tumor morphology and immunohistochemical expres- 
sion of estrogen receptor, progesterone receptor, p53, and Ki67 
in urogenital carcinomas of California sea lions (Zalophus cal- 
ifornianus). Vet Pathol 46: 642-055. 

Colegrove, K.M., FM. Gulland, K. Harr, D.K. Naydan, and LJ. 
Lowenstine. 2009b. Pathological features of amyloidosis in 
stranded California sea lions (Zalophus californianus). J] Comp 
Pathol 140: 105-112. 

Colegrove, K.M., J.F.X. Wellehan, R. Rivera et al. 2010. Polyomavirus 
infection in a free-ranging California sea lion (Zalophus cali- 
fornianus) with intestinal T-cell lymphoma. / Vet Diagn Invest 
22: 628-632. 

Colegrove, K.M., and S. Venn-Watson. 2015. Histomorphology of the 
bottlenose dolphin (Tursiops truncatus) pancreas and associa- 
tion of increasing islet B-cell size with chronic hypercholester- 
olemia. Gen Comp Endocrinol 214: 17-23. 

Colegrove, K.M., S. Venn-Watson, J. Litz et al. 2016. Fetal distress and 
in utero pneumonia in perinatal dolphins during the Northern 
Gulf of Mexico unusual mortality event. Dis Aquatic Organ 
119: 1-16. 

Colyer, F. 1963. Variations and Disease of the Teeth of Animals, 
115-118. London, UK: John Bale, Sons and Danielsson 
Limited. 

Corkeron, PJ., RJ. Morris, and M.M. Bryden. 1987a. Interactions 
between bottlenose dolphins and sharks in Moreton Bay, 
Queensland. Aquat Mamm 13: 111-114. 

Corkeron, PJ., R.J. Morris, and M.M. Bryden. 1987b. A note on the 
healing of large wounds in bottlenose dolphins, Tursiops trun- 
catus. Aquat Mamm 13: 96-98. 

Cornell, L.H., BJ. Golden, and K.G. Osborn. 1975. Pseudopersistant 
urachus in a baby walrus. / Am Vet Med Assoc 167: 548-549. 


Noninfectious Diseases 287 


Counihan-Edgar, K.L., V.A. Gill, A.M. Doroff et al. 2012. Genotypic 
characterization of Streptococcus infantarius subsp. coli isolates 
from sea otters with infective endocarditis and/or septicemia and 
from environmental samples. / Clin Microbiol 50: 4131-4133. 

Cowan, D.F. 1966. Pathology of pilot whale (Globicephala melaena), 
a comparative study. Arch Pathol 82: 178-189. 

Cowan, D.F. 1995. Amyloidosis in the bottlenose dolphin, Tursiops 
truncatus. Vet Pathol 32: 311-314. 

Cowan, D.F, and W.A. Walker. 1979. Disease factors in Stenella 
attenuata and Stenella longirostris taken in the eastern tropi- 
cal Pacific yellowfin tuna purse seine fishery, NOAA National 
Marine Fisheries Service Administrative Report LJ-79-32C, 
1-21. La Jolla, CA: Southwest Fisheries Center, National Marine 
Fisheries Service. 

Cowan, D.F., W.A. Walker, and R.I. Brownell Jr. 1986. Pathology 
of small cetaceans stranded along the southern California 
beaches, In Research on Dolphins, ed. M.M. Bryden, and R. 
Harrison, 323-367. Oxford, UK: Oxford University Press. 

Cowan, D.F., and Y. Tajima. 2006. The thyroid gland of bottlenose 
dolphins (Zursiops truncatus) from the Texas coast of the Gulf 
of Mexico: Normal structure and pathologic changes. J Comp 
Pathol 135: 217-225. 

Crovetto, A. 1982. A propos d’une malformation laterale da la col- 
onne vertebrale d’une baleine bleue, Balaenoptera musculus 
L. (Cetacea, Balaenopteridae) et de sa signification fonc- 
tionnelle, 107 Congres National des Societes Savantes, Brest, 
Sciences, Fasc. II, 89-98. 

Csordas, S.E. 1966. Congenital penis malformation in southern ele- 
phant seals (Miroungaleonina). J Mammal 47: 731. 

Dagleish, M.P., J. Barley, FE. Howie, RJ. Reid, J. Herman, and G. 
Foster. 2007. Isolation of Brucella species from a diseased 
atlanto-occipital joint of an Atlantic white-sided dolphin 
(Lagenorhynchus acutus). Vet Rec 160: 876-878. 

Dagleish, M.P., M. Barrows, M. Maley et al. 2013. The first report 
of otarine herpesvirus-l-associated urogenital carcinoma in 
a South American fur seal (Arctocephalus australis). J Comp 
Pathol 149: 119-125. 

Daoust, P., and M. McBurney. 1997. Wildlife Health Centre Newsletter, 
Canadian Cooperative Wildlife Health Centre, 4: 5. 

Davison, N J.,J.E. Barnett, L.L. Perrettetal. 2013. Meningoencephalitis 
and arthritis associated with Brucella ceti in a short-beaked 
common dolphin (Delphinus delphis). J Wildl Dis 49: 632-636. 

De Guise, S., A. Lagace, and P. Beland. 1994a. Tumors in St. 
Lawrence beluga whales (Delpbinapterus leucas). Vet Pathol 
31: 444-449, 

De Guise, S., A. Lagace, and P. Beland. 1994b. Gastric papillomas 
in eight St. Lawrence beluga whales (Delphinapterus leucas). 
J Vet Diagn Invest 6: 385-388. 

De Guise, S., A. Lagace, and P. Beland. 1994c. True hermaphrodit- 
ism in a St. Lawrence beluga whale (Delphinapterus leucas). 
J Wildl Dis 30: 287-290. 

De Guise, S., A. Lagace, P. Beland, C. Girard, and R. Higgins. 1995. 
Non-neoplastic lesions in beluga whales (Delphinapterus leu- 
cas) and other marine mammals from the St. Lawrence estu- 
ary. J Comp Pathol 112: 257-271. 


DeLynn, R., G. Lovewell, R.S. Wells, and G. Early. 2011. Congenital 
scoliosis of a bottlenose dolphin. J Wildl Dis 47: 979-983. 
Dennison, S., F. Gulland, M. Haulena, H. De Morais, and K. 
Colegrove. 2007. Urate nephrolithiasis in a northern elephant 
seal (Mirounga angustirostris) and a California sea lion 

(Zalophus californianus). ] Zoo Wildl Med 38: 114-120. 

Dennison, S.E., LJ. Forrest, M.L. Fleetwood, and F.M.D. Gulland. 
2009. Concurrent occipital bone malformation and _ atlanto- 
axial subluxation in a neonatal harbor seal (Phoca vitulina). 
J Zoo Wildl Med 40: 385-388. 

Dennison, S.E., M. Boor, D. Fauquier, W. Vann Bonn, DJ. Greig, and 
F.M.D. Gulland. 2011a. Foramen ovale and ductus arteriosus 
patency in neonatal harbor seal (Phoca vitulina) pups in reha- 
bilitation. Aquat Mamm 37: 161-166. 

Dennison, S., MJ. Moore, A. Fahlman et al. 2012. Bubbles in live- 
stranded dolphins. Proc Biol. Sci. 279: 1396-1404. 

Dennison, S.E., W. Van Bonn, M. Boor et al. 2011b. Antemortem 
diagnosis of a ventricular septal defect in a California sea lion 
Zalophus californianus. Dis Aquat Organ 94: 83-88. 

Diaz-Delgado, J., A. Espinosa de los Monteros, C. Fernandez- 
Maldonado et al. 2012a. Mixed testicular neoplasia in a short 
beaked common dolphin De/phinus delphis. Dis Aquat Organ 
101: 257-260. 

Diaz-Delgado, J., A. Fernandez, J.F. Edwards et al. 2015a. Uterine 
leiomyoma and prolapse in a live-stranded Atlantic spotted 
dolphin (Stenella frontalis). J] Comp Pathol 153: 58-63. 

Diaz-Delgado, J., E. Sierra, M. Arbelo et al. 2015b. Primary uterine 
T-cell lymphoma with metastasis in an Atlantic spotted dol- 
phin (Stenella frontalis), Canary Islands, Spain. J Wildl Dis 51: 


538-541. 
Diaz-Delgado, J., M. Arbelo, S. Sacchini et al. 2012b. Pulmonary 
angiomatosis and hemangioma in a common _ dolphin 


(Delphinus delphis) stranded in Canary Islands. J Vet Med Sci 
74: 1063-1066. 

Diaz-Delgado, J., S. Sacchini, A. Suarez-Bonnet et al. 2015c. High- 
grade astrocytoma (glioblastoma multiforme) in an Atlantic 
spotted dolphin (Stenella frontalis). J Comp Pathol 152: 
278-282. 

Doescher, B.M., M. Haulena, M. Yoshioka et al. 2010. First report 
of a cutaneous squamous cell carcinoma in a Hawaiian 
monk seal Wonachus schauinslandi). In Proceedings of the 
41st Annual Conference of the International Association for 
Aquatic Animal Medicine, Vancouver, BC, Canada. 

Doescher, B.M., R. Sanchez, A. Lopez et al. 2007. Radical sur- 
gical excision of an oral squamous cell carcinoma lesion 
in an Atlantic bottlenose dolphin (Zursiops truncatus). 
In Proceedings of the 38th Annual Conference of the 
International Association for Aquatic Animal Medicine, 
Orlando, FL, USA. 

Duignan, PJ., J.E.B. Hunter, I.N. Visser, GW. Jones, and A. Nutman. 
2000. Stingray spines: A potential cause of killer whale mortal- 
ity in New Zealand. Aquat Mamm 26: 143-147. 

Dunn, D.G., S.G. Barco, D.A Pabst, and W.A. McLellan. 2002. 
Evidence for infanticide in bottlenose dolphins of the western 
North Atlantic. J Wildl Dis 38: 505-510. 


288 Noninfectious Diseases 


Estep, J.S., R.E. Baumgartner, F. Townsend et al. 2005. Malignant 
seminoma with metastasis, Sertoli cell tumor, and pheo- 
chromocytoma in a spotted dolphin (Stenella frontalis) and 
malignant seminoma with metastasis in a bottlenose dolphin 
(Tursiops truncatus). Vet Pathol 42: 357-359. 

Evans, D.L., and G.R. England. 2001. Joint Interim Report Bahamas 
Marine Mammal Stranding Event of 14-16 March 2000, 61. US 
Department of Commerce (NOAA)/US Navy. 

Ewing, R.Y., and A.A. Mignucci-Giannoni. 2003. A poorly differenti- 
ated pulmonary squamous cell carcinoma in a free-ranging 
Atlantic bottlenose dolphin (ursiops truncatus). J Vet Diag 
Invest 15: 162-165. 

Fauquier, D., F.M. Gulland, M. Haulena, and T. Spraker. 2003. 
Biliary adenocarcinoma in a stranded northern elephant seal 
(Mirounga angustirostris). J Wildl Dis 39: 723-720. 

Fernandez, A., J.F. Edwards, and F. Rodriguez. 2005. Gas and fat 
embolic syndrome involving a mass stranding of beaked 
whales (Family: Ziphiidae) exposed to anthropogenic sonar 
signals. Vet Pathol 42: 446-457. 

Finneran, J.J. 2015. Noise-induced hearing loss in marine mammals: 
A review of temporary threshold shift studies from 1996 to 
2015. J Acoust Soc Am 138: 1702-1726. 

Fletcher, D., F.M.D. Gulland, M. Haulena, LJ. Lowenstine, and M. 
Dailey. 1998. Nematode-associated gastrointestinal perfora- 
tions in stranded California sea lions (Zalophus california- 
nus). In Proceedings of the 29th Annual Conference of the 
International Association for Aquatic Animal Medicine San 
Diego, CA. 

Flom, J.O., R.L. Brown, R.E. Jones, and J. Schonewald. 1980. Vaginal 
fibromas in a beaked whale, Mesoplodon densirostris. | Wildl 
Dis 16: 99-102. 

Flower, J.E., K.C. Gamble, M. Stone et al. 2014. Esophageal squa- 
mous cell carcinoma in six harbor seals (Phoca vitulina spp.). 
J Zoo Wildl Med 45: 620-631. 

Foley, R.H. 1979. Osteomyelitis of the flipper of a bottlenose dol- 
phin. J Am Vet Med Assoc 175: 999. 

Fordyce, R.E., and A.G. Watson. 1998. Vertebral pathology in an 
early Oligocene whale (Cetacea: ?Mysticeti) from Wharekuri, 
North Otago New Zealand. In Mainz Naturwiss Arch, ed. 
K.I. Grimm, M.C. Grimm, and M. Morlo, 21: 161-176. Beiheft: 
Festschrift zum 70 Geburtstag von Karlheinz Rothausen. 

Fowler, CW. 1986. Marine debris and northern fur seals: A case 
study. Mar Pollut Bull 18: 326-335. 

Frasca, S., J.L. Dunn, and HJ. Van Kruningen. 1996. Acute gastric 
dilatation with volvulus in a northern fur seal (Callorhinus 
ursinus). J Wildl Dis 32: 548-551. 

Fravel, V., W. Van Bonn, S. Dennison, and T. Spraker. 2015. Bilaterally 
symmetrical lesions of the caudate nucleus in a northern fur 
seal (Callorbinus ursinus). Vet Rec Case Rep 3: e000176. 

Gallo-Reynoso, J., and A.L. Figueroa-Carranza. 1992. A cookiecutter 
shark wound on a Guadelupe fur seal male. Mar Mamm Sci 
8: 428-429. 

Garman, R.H., MJ. Nuzzi, and J.R. Geraci. 1983. Cutaneous gout in 
an Amazon dolphin. / Am Vet Med Assoc 183: 1292-1294. 


Garner, M.M., C. Shwetz, J.C. Ramer et al. 2002. Congenital diffuse 
hyperplastic goiter associated with perinatal mortality in 11 
captive-born bottlenose dolphins (Tursiops truncatus). J Zoo 
Wildl Med 33: 350-355. 

Gentry, R.L., and J.H. Johnson. 1981. Predation by sea lions on 
northern fur seal neonates. Mammalia 45: 423-430. 

George, J.C., L.M. Philo, K. Hazard, D. Withrow, G.M. Carroll, and 
R. Suydum. 1994. Frequency of Killer whale (Orcinus orca) 
attacks and ship collisions based on scarring on Bowhead 
whales (Balaena mysticetus) of the Berig-Chukchi-Beaufort 
Seas Stock. Arctic 47: 247-255. 

George J.C., and R. Suydam. 1998. Observations of killer whale 
(Orcinus orca) predation in the northeastern Chukchi and 
western Beaufort Seas. Mar Mamm Sci 14: 330-332. 

Geraci, J.R., C. Palmer, and DJ. St. Aubin. 1987. Tumors in ceta- 
ceans: Analysis and new findings. Can. J Fisher Aquat Sci 44: 
1289-1300. 

Geraci, J.R., DJ. St. Aubin, and B.D. Hicks. 1986. The epidermis of 
odontocetes: A view from within. In Research on Dolphins, 
ed. M.M. Bryden, and R. Harrison, 3-21. Oxford, England: 
Clarendon Press. 

Gill, C., J. McBain, M.G. Hartmann et al. 2002. Therapeutic approach 
to mandibular and maxillary fractures in captive cetaceans 
(historical review of cases). In Proceedings of the 33rd Annual 
Conference International Association for Aquatic Animal 
Medicine, Algarve Portugal. 

Girard, C., R. Lagace, R. Higgins, andP. Belland. 1991. Adenocarcinoma 
of the salivary gland in a beluga whale (Delphinapterus leu- 
cas). J Vet Diagn Invest 3: 264-265. 

Goldstein, T., S.P. Johnson, AV. Phillips et al. 1999. Human-related 
injuries observed in live-stranded pinnipeds along the central 
California coast 1986-1998. Aquat Mamm 25: 43-51. 

Gray, K.N., and R.H. Conklin. 1974. Multiple births and cardiac 
anomalies in the bottle-nosed dolphin. / Wildl Dis 10: 155. 

Greenwood, A.G., RJ. Harrison, and HW. Whitting. 1974. Functional 
and pathological aspects of the skin of marine mammals. In 
Functional Anatomy of Marine Mammals, ed. RJ. Harrison, 
73-110. Academic Press. 

Griner, L.A. 1971. Malignant leukemic lymphoma in two harbor 
seals (Phoca vitulina geronimensis). Am J Vet Res 32: 827-830. 

Griner, L.A. 1983. Pathology of Zoo Animals. 465. San Diego, CA: 
Zoological Society of San Diego. 

Gulland, F.M.D. 2000. Domoic acid toxicity in California sea lions 
stranded along the central California coast, May—October 
1998. NOAA Technical Memo, NMFS-OPR-8, National Marine 
Fisheries Service, U.S. Department of Commerce, 44. 

Gulland, F.M.D., J.G. Trupkiewicz, T.R. Spraker, and LJ. Lowenstine. 
1996. Metastatic carcinoma of probable transitional cell origin 
in free-living California sea lions (Zalophus californianus): 64 
Cases (1979-1994). J Wildl Dis 32: 250-258. 

Gulland, F.M.D., K. Beckmen, K. Burek et al. 1997. Otostrongylus 
circumlitus infestation of northern elephant seals (Mirounga 
angustirostris) stranded in central California. Mar Mamm Sci 


13: 446-459. 


Noninfectious Diseases 289 


Hall, AJ. FM.D. Gulland, G.M. Ylitalo, DJ. Greig, and LJ. 
Lowenstine. 2008. Changes in blubber contaminant con- 
centrations in California sea lions (Zalophus californianus) 
associated with weight loss and gain during rehabilitation. 
Environmental Science and Technology 42: 4181-4187. 

Harcourt, R. 1993. Individual variation in predation on fur seals by 
southern sea lions (Otaria byronia) in Peru. Can J Zool 71: 
1908-1911. 

Harms, C.A., R.L. Piccolo, D.S. Rotstein, and A.A. Hohn. 2004. 
Struvite penile urethrolithiasis in a pygmy sperm whale (Kogia 
breviceps). J Wildl Dis 40: 588-593. 

Harris, H.S., P. Facemire, DJ. Greig et al. 2011. Congenital neuroglial 
heterotopia in a neonatal harbor seal (Phoca vitulina rich- 
ardsi) with evidence of recent exposure to polycyclic aromatic 
hydrocarbons. J Wildl Dis 47: 246-254. 

Harris, H.S., S.C. Oates, M.M. Staedler et al. 2010. Lesions and behav- 
ior associated with forced copulation of juvenile Pacific harbor 
seals (Phoca vitulina richardsi) by southern sea otters (Enydra 
lutris nereis). Aquat Mamm 36: 331-341. 

Harrison, RJ. 1969. Reproduction and reproductive organs. In The 
Biology of Marine Mammals, ed. H.T. Anderson, 253-349. New 
York, NY: Academic Press. 

Haubold, E.M., and D. Cowan. 2001. Normal and abnormal histo- 
logic features of the adenohypophysis of cetaceans stranded in 
the western Gulf of Mexico. In Proceedings of the 32nd Annual 
Conference of the International Association for Aquatic Animal 
Medicine, Tampa, Florida. 

Heezen, B.C. 1957. Whales entangled in deep-sea cables. Deep Sea 
Rese 4: 105-115. 

Heidel, J.R., and T.F. Albert. 1994. Intestinal volvulus in a bowhead 
whale Balaena mysticetus. J Wildl Dis 30: 126-128. 

Helle, E., M. Olsson, and S. Jensen. 1976. PCB levels correlated with 
pathological changes in seal uteri. Ambio 5: 261-263. 

Henk, W.G., and D.L. Mullan. 1996. Common epidermal lesions in 
the bowhead whale, Balaena mysticetus. Scanning Microsc 10: 
905-910. 

Heyning, J.E., and T.D. Lewis. 1990. Entanglement of baleen 
whales in fishing gear off southern California. Report of the 
International Whaling Commission 40: 427-431. 

Houser, D.S., and J.J. Finneran. 2006. Variation in the hearing 
sensitivity of a dolphin population determined through the 
use of evoked potential audiometry. J Acoust Soc Am 120: 
4090-4099. 

Houser, D.S., R. Howard, and S. Ridgway. 2001. Can diving-induced 
tissue nitrogen supersaturation increase the chance of acousti- 
cally driven bubble growth in marine mammals. / Theor Biol 
21: 183-195. 


Howard, E.B. 1983. Miscellaneous diseases. In Pathobiology of 


Marine Mammal Diseases, Volume II, ed. E.B. Howard, 164— 
225. Boca Raton, FL: CRC Press. 

Howard, E.B., J.O. Britt, and J.G. Simpson. 1983. Neoplasms in 
marine mammals. In Pathobiology of Marine Mammal 
Diseases, Volume II, ed. E.B. Howard, 95-162. Boca Raton, FL: 
CRC Press. 


Jaber, J.R., J. Pérez, M. Carballo et al. 2005. Hepatosplenic large cell 
immunoblastic lymphoma in a bottlenose dolphin (Jursiops 
truncatus) with high levels of polychlorinated biphenyl con- 
geners. J Comp Pathol 132: 242-247. 

Jepson, P.D. 2006. Cetaceans strandings investigation and coordina- 
tion in the UK: Final Report to Defra for the period Ist January 
2000—31st December 2004. Defra, London. http://randd.defra 
.gov.uk/Document.aspx?Document=W P01011_8244_FRP.pdf 
[Accessed April 4, 2017]. 

Jepson, P.D., and J.D. Baker. 1998. Bottlenose dolphins (Zursiops 
truncatus) as a possible cause of acute traumatic injuries in 
porpoises (Phocoena phocoena). Vet Rec 143: 614-615. 

Jepson, P.D., M. Arbelo, R. Deaville et al. 2003. Gas-bubble lesions 
in stranded cetaceans. Nature 435: 575-576. 

Johnson, S.P., S.K. Venn-Watson, S.E. Cassle, C.R. Smith, E.D. 
Jensen, and S.H. Ridgway. 2009. Use of phlebotomy treatment 
in Atlantic bottlenose dolphins with iron overload. J Am Vet 
Med Assoc 235: 194-200. 

Jones, E.C. 1971. Isistius brasiliensis, a squaloid shark, the prob- 
able cause of crater wounds on fishes and cetaceans. Fisheries 
Bulletin of the U.S. 69: 791-798. 

Junin, M., and H.P. Castello. 1995. Osteomyelitis of the skull 
in a leopard seal, Hydrurga leptonyx. Mar Mamm Sci 11: 
403-400. 

Kamiya, T., and N. Miyazaki. 1974. A malformed embryo of Stenella 
coeruleoalba. Sci Rep Whales Res Instit 26: 259-263. 

Kamiya, T., N. Miyazaki, and S. Shiraga. 1981. First case of dicephaly 
in Odontoceti. Sci Rep Whales Res Instit 33: 127-129. 

Kastelein, R.A., and M.S.S. Lavaleije. 1992. Foreign bodies in the 
stomach of a female harbour porpoise (Phocoena phocoena) 
from the North Sea. Aquat Mamm 18: 40-406. 

Kawamura, A. 1990. A malformed fetus of a southern Sei whale. Sci 
Rep Whales Res Instit 1: 93-95. 

Kawamura, A., and K. Kashita. 1971. A rare double monster of 
dolphin Stenella coeruleoalba. Sci Rep Whales Res Instit 23: 
139-140. 

Ketten, D.R., J. Lien, and S. Todd. 1993. Blast injury in humpback 
whale ears: Evidence and implications. J Acoust Soc Am 94: 
1849-1850. 

Kim, J.H., B.H. Kim, J.H. Kim, MJ. Yoo, and D.Y. Kim. 2002a. 
Lymphosarcoma in a sea otter (Enhydra lutris). J Wildl Dis 38: 
616-617. 

Kim, J.H., J.K. Lee, H.S. Yoo, N.S. Shin, K.H. Lee, and D.Y. Kim. 
2002b. Endocarditis associated with Escherichia coli in a sea 
lion (Zalophus californianus). J Vet Diagn Invest 14:260-202. 

King, J.E. 1964. Seals of the World, 51-56. London, UK: Trustees of 
the British Museum. 

King, D.P., M.C. Hure, T. Goldstein et al. 2002. Otarine herpesvi- 
rus-l: A novel gammaherpesvirus associated with urogenital 
carcinoma in California sea lions (Zalophus californianus). Vet 
Microbiol 86: 131-137. 

Kinze, C.C. 1986. Note on the occurrence of Spondylitis deformans 
in a sample of harbour porpoises (Phocoena phocoena (L.)) 
taken in Danish waters. Aquat Mamm 12: 25-27. 


290 Noninfectious Diseases 


Klontz, K.C., R.C. Mullen, T.M. Corbyons, and W.P. Barnard. 1993. 
Vibrio wound infections in humans following shark attack. 
J Wildern Med 4: 68-72. 

Knowlton, A., P.K. Hamilton, M.M. Marx, H.M. Pettis, and S.D. 
Kraus. 2012. Monitoring North Atlantic right whale Eubalaena 
glacialis entanglement rates: A 30 yr retrospective. Mar Ecol 
Prog 466: 293-302. 

Kraus, S.D. 1990. Rates and potential causes of mortality in North 
Atlantic right whales (Eubalaena glacialis). Mar Mamm Sci 6: 
278-291. 

Kraus, S.D., K.E. Moore, C.A. Price et al. 1986. The use of pho- 
tographs to identify individual North Atlantic right whales 
(Eubalaena glacialis). In Right Whale: Past and Present Status, 
ed. R.L. Brownell, P.B. Best, and J.H. Prescott. Report of the 
International Whaling Commission Special Issue 10: 145-151. 

Kreuder, K., M.A. Miller, D.A. Jessup et al. 2003. Patterns of mortal- 
ity in southern sea otters (Enhydra lutris nereis) from 1998- 
2001. J Wildl Dis 39: 495-509. 

Kuiken, T., V.R. Simpson, C. Allchin et al. 1994. Mass mortality of 
common dolphins Welphinus delphis) in south-west England 
due to incidental capture in fishing gear. Vet Rec 134: 81-89. 

Labrut, S., M. Wyers, J. Miclard, and M.A. Colle. 2007. Primary men- 
ingeal T-cell lymphoma in a harbor seal (Phoca vitulina). J Zoo 
Wildl Med 38: 323-328. 

Lagier, R. 1977. Spondylosis in the whale—an anatomicroradiologic 
study of an osteophyte. Scand J Rheumatol 6: 245-249. 

Lair, S., S. Beland, S. De Guise, and D. Martineau. 1997. Adrenal 
hyperplastic and degenerative changes in beluga whales. 
J Wildl Dis 33: 430-437. 

Lair, S., S. De Guise, and D. Martineau. 1998. Uterine adenocar- 
cinoma with abdominal carcinomatosis in a beluga whale. 
J Wildl Dis 34: 373-376. 

Lambertsen, R.H., and B.A. Kohn. 1987. Unusual multisystemic 
pathology in a sperm whale. Bull J Wildl Dis 23: 510-514. 
Lambertsen, R.H., B.A. Kohn, J.P. Sundberg, and C.D. Buergelt. 1987. 
Genital papillomatosis in sperm whale bulls. J Wildl Dis 23: 

361-3067. 

Landy, R.B. 1980. A review of neoplasia in marine mammals. In 
The Comparative Pathology of Zoo Animals, ed. R. Motali, and 
G. Migaki, 579-563. Washington, DC: Smithsonian Institution 
Press. 

Lanthier, C., J. Dupuis, and J. Pare. 1998. Agenesis of a radius in a 
polar bear cub (Ursus maritimus). J Zoo Wildl Med 29: 65-67. 

Laricchiuta, P., M. Campolo, P. Martelli et al. 2013. Diagnosis and 
treatment considerations in a case of malignant mesenchy- 
moma in an African fur seal CArctocephalus pusillus). J Zoo 
Wildl Med 44: 466-469. 

Larsen, S. 1962. A survey of the post mortem findings in pinnipedia 
autopsied during a ten-year period, 1952-1961. Nord Vet Med 
14: 150-160. 

Laws, R.M. 1953. The elephant seal (Mirounga leonina Linn.) 
I. Growth and age. Falkland Islands Dependency Survey 
Scientific Report 8: 1-62. 


Le Boeuf, BJ., J-E. Cosker, and J. Hewitt. 1987. Crater wounds in 
northern elephant seals: The cookiecutter shark strikes again. 
Fish Bull US 85: 387-392. 

Le Boeuf, BJ., M. Riedman, and R.S. Keyes. 1982. White shark pre- 
dation on pinnipeds in California coastal waters. Fish Bull US 
80: 891-895. 

Leipold, H.W. 1980. Congenital defects in zoo and wild animals: A 
review. In The Comparative Pathology of Zoo Animals, ed. RJ. 
Montali, and G. Migaki, 457-470. Washington, DC: Smithsonian 
Institution Press. 

Lightsey, J.D., S.A. Rommel, A.M. Costidis, and T.D. Pitchford. 2006. 
Methods used during gross necropsy to determine watercraft- 
related mortality in the Florida manatee (Trichechus manatus 
latirostris). ] Zoo Wildl Med 37: 262-275. 

Lipscomb, T., D.P. Scott, R.L. Garber et al. 2000. Common carcinoma 
of California sea lions: Evidence for genital origin and associa- 
tion with a novel herpesvirus. Vet Pathol 37: 609-617. 

Lipscomb, T.P., R.K. Harris, A.H. Rebar, B.E. Ballachey, and R. 
Haebler. 1994. Pathology of sea otters. In Marine Mammals 
and the Exxon Valdez, ed., T.R. Loughlin, 265-281. San Diego, 
CA: Academic Press. 

Luksenburg, J.A. 2014. Prevalence of external injuries in small 
cetaceans in Aruban waters, southern Caribbean. PLoS One 
9:e88988. 

Lunetta P., and J.H. Modell. 2005. Macroscopical, microscopical and 
laboratory findings in drowning victims. Foren Pathol Rev 3: 
3-77. 

Lutmerding, B.A., S. Huston, K. Frank, C.R. Smith, and E.D. Jensen. 
2015. Case report: Evidence of dilated cardiomyopathy and 
congestive heart failure in a geriatric bottlenose dolphin 
(Tursiops truncatus). In Proceedings of the 46th Annual 
Conference International Association for Aquatic Animal 
Medicine, Chicago, IL. 

Lynch M., R. Kirkwood, R. Gray et al. 2012. Characterization and causal 
investigations of an alopecia syndrome in Australian fur seals 
(Arctocephalus pusillus doriferus). J] Mammol 93: 504-513. 

Lynch, M., R. Kirkwood, A. Mitchell, P. Duignan, and J.P-Y. Arnould. 
2011. Prevalence and significance of an alopecia syndrome 
in Australian fur seals (Arctocephalus pusillus doriferus). 
J Mammal 92: 342-351. 

Manire, C.A. 2010. The use of megesterol acetate in Atlantic bottle- 
nose dolphins. In Proceedings of the 41st Annual Conference 
International Association for Aquatic Animal Medicine, 
Vancouver, BC. 

Manire, C.A., M.S. Renner, M. Blanchard et al. 2009. Suspected 
chronic lymphocytic leukemia (CLL) in three Atlantic bottle- 
nose dolphins (Tursiops truncatus). In Proceedings of the 40th 
Annual Conference International Association for Aquatic 
Animal Medicine, San Antonio, TX. 

March, D.T., DJ. Blyde, G.D. Bossart, A.P. Begg, D.P. Taylor, and V. 
McClure. 2016. Piroxicam and doxycycline treatment for oral 
squamous cell carcinoma in an inshore bottlenose dolphin 
(Tursiops aduncus). Austr Vet J 94: 203-207. 


Noninfectious Diseases 291 


Marley, S.A., B. Cheney, and P.M. Thompson. 2013. Using tooth rake 
marks to monitor population and sex differences in aggressive 
behavior in bottlenose dolphins (ursiops truncatus). Aquat 
Mamm 39: 107-115. 

Martineau, D., A. Lagace, P. Beland, R. Higgins, D. Armstrong, 
and L.R. Shugart. 1988. Pathology of stranded beluga whales 
(Delphinapterus leucas) from the St. Lawrence Estuary, 
Quebec, Canada. J Comp Pathol 98: 287-311. 

Martineau, D., A. Lagace, R. Masse, M. Morin, and P. Beland. 1985. 

Transitional cell carcinoma of the urinary bladder in a beluga 

whale (Delphinapterus leucas). Can Vet J 26:297-302. 

Martineau, D., S. Lair, S. De Guise, and P. Beland. 1995. Intestinal 

adenocarcinomas in two beluga whales (Delphinapterus leucas) 

from the estuary of the St. Lawrence River. Can Vet.J 36: 563-565. 

Mattlin, R.H. 1978. Pup mortality of the New Zealand fur seal 

(Arctocephalus forster Lesson). NZ J Ecol 1: 138-144. 

Mauroo, N., F.K. Lee, F. Brook, and G. Bossart. 2010. Antemortem 
diagnosis of hepatocellular carcinoma in a California sea lion 
(Zalophus californianus). In Proceedings of the 41st Annual 
Meeting of the International Association for Aquatic Animal, 


Vancouver, BC. 
Mawdesley-Thomas, L.E. 1971. An ovarian tumour in a Southern 
elephant seal (Mirounga angustirostris).Vet Pathol 8: 9-15. 
Mawdesley-Thomas, L.E. 1974. Some aspects of neoplasia in marine 
mammals. Adv Mar Biol 12: 151-231. 
Mawdesley-Thomas, L.E., and W.N. Bonner. 1971. Uterine tumours 
in a grey seal (Halichoerus grypus). J Pathol 103: 205-208. 
McFee, W., Root, H., Friedman, R., and E. Kolman. 1997. A stingray spine 
in the scapula of a bottlenose dolphin. J Wildl Dis 33: 921-924. 
McFee, W.E., and A.O. Carl. 2004. Struvite calculus in the vagina 
of a bottlenose dolphin (ursiops truncatus). J Wildl Dis 40: 
125-128. 
McClellan, W.A., Thayer, V.G., and D.A. Pabst. 1996. Stingray spine 
mortality in a bottlenose dolphin, Tursiops truncatus, from 
North Carolina waters. J Elisha Mitchell Sci Soc 112: 98-101. 
McKinnie, CJ., and S.R. Dover. 2003. Diagnosis and treatment of 


lingual carcinoma in an Atlantic bottlenose dolphin (Jursiops 


truncatus). In Proceedings of the 34th Annual Conference of 


the International Association for Aquatic Animal Medicine, 
Waikaloa, HI. 

McKnight, C.A., T.L. Reynolds, M. Haulena, A. deLahunta, and 
F.M.D. Gulland. 2005. Congenital hemicerebral anomaly in a 
stranded Pacific harbor seal (Phoca vitulina richardsi). J Wildl 
Dis 41: 654-658. 

Meegan, J.M., I.F. Sidor, J.M. Steiner, D. Sarran, and J.L. Dunn. 2008. 
Chronic pancreatitis with secondary diabetes mellitus treated 
by use of insulin in an adult California sea lion. J] Am Vet Med 
Assoc 232: 1707-1712. 

Mergl, J., E. Gehring, and D. Martineau. 2007. Brain tumor (choroid 
plexus papilloma) in a captive beluga whale (Delphinapterus 
leucas). In Proceedings of the 38th Annual Conference of the 
International Association for Aquatic Animal Medicine, Lake 
Buena Vista, FL. 


Miclard, J., K. Mokhtari, G. Jouvion et al. 2006. Microcystic menin- 
gioma in a dolphin Welphinus delphis): Immunohistochemical 
and ultrastructural study. J Comp Pathol 135: 254-258. 

Migaki, G., J.C. Woodard, and RT. Goldston. 1978. Renal adenoma 
in an Atlantic bottlenose dolphin. Am / Vet Res 39: 1920-1921. 
Migaki, G., and T.F. Albert. 1982. Lipoma of the liver in a bowhead 
whale (Balaena mysticetus). Vet Pathol 19: 329-331. 
Mikaelian I., P. Labelle, M. Dore, 2000. 
Fibroleiomyomas of the tubular genitalia in female beluga 
whales. J Vet Diag Invest 12: 371-374. 

Mikaelian I., D. Leclair, and J. Inukpuk. 2001. Adenocarcinoma of 


and D. Martineau. 


the small intestine in a ringed seal from Hudson Bay. J Wildl 
Dis 37: 379-382. 

Miller, EH. 1996. Violent interspecific sexual behavior by male sea 
lions (Otariidae): Evolutionary and phylogenetic implications. 
Mar Mamm Sci 12: 468-476. 

Moore, JJ., and L.L. Stackhouse. 1978. Pancreatic duct adenoma and 
strangulation of the small intestine in a California sea lion 
(Zalophus californianus). J] Wildl Dis 14: 445-446. 

Moore, K.T., and S.G. Barco. 2013. Handbook for recognizing, 


evaluating, and documenting human interaction in stranded 
cetaceans and pinnipeds. NOAA Technical Memorandum. 
NOAA-TM-NMFS-SWFSC-501. _ https://swfsc.noaa.gov/publica 
tions/TM/SWFSC/NOAA-TM-NMFS-SWFSC-510.pdf [Accessed 
April 7, 2017]. 

Moore, MJ., A.L. Bogomolni, S.E. Dennison et al. 2009. Gas bubbles 
in seals, dolphins, and porpoises entangled and drowned at 
depth in gillnets. Vet Pathol 46: 536-547. 

Moore, MJ., J. van der Hoop, S.G. Barco et al. 2013. Criteria and 
case definitions for serious injury and death of pinnipeds and 
cetaceans caused by anthropogenic trauma. Dis Aquat Organ 
103: 229-264. 

Morejohn, G.V., J.A. Ames, and D.B. Lewis. 1975. Post mortem 
studies of sea otters, Enhydra lutris 1, in California. Marine 
Resources Technical Report No. 30, California Department of 
Fish and Game. 

Morgan, L., K. Hanni, and L. Lowenstine. 1996. Age and pathologi- 

cal findings for two female Steller sea lions stranded on the 

northern California coast. Calif Fish Game 82: 81-86. 

Morick, D., S. Jauernig, TJ. Whitebread, N. Osinga, and EJ. Tjalsma. 

2010. A dermal melanoma in a young common seal (Phoca 

vitulina). J Wildl Dis 46; 556-559. 

Mullin, K., K. Barry, C. Sinclair et al. 2015. Common bottle- 
nose dolphins (Tursiops truncatus) in Lake Pontchartrain, 
Louisiana, 2004 to mid-2014. NOAA Tech Memo NMEFS- 
SEFSC-673. 43 pp. 

Munson, L., N. Calzada, S. Kennedy, and T.B. Sorensen. 1998. 
Luteinized ovarian cysts in Mediterranean striped dolphins. 
J Wildl Dis 34: 656-660. 

Nemoto, T. 1963. New records of sperm whales with protruded rudi- 
mentary hind limbs. Sci Rep Whales Inst 17: 79-81. 

Newman, SJ., and S.A. Smith. 2006. Marine mammal neoplasia: A 
review. Vet Pathol 43: 865-880. 


292 Noninfectious Diseases 


Nishiwaki, M. 1953. Hermaphroditism in a dolphin (Prodelphinus 
caeruleo-albus). Sci Rep Whales Inst 8: 215-218. 

Obendorf, D.L., and PJ.A. Presidente. 1978. Foreign body perfora- 
tion of the esophagus initiating traumatic pericarditis in an 
Australian fur seal. J Wildl Dis 14: 451-454. 

Ogawa, T., and T. Kamiya, 1957. A case of the cachelot with pro- 
truded rudimentary hindlimbs. Sci Rep Whales Inst 12: 197-208. 

Ogden, J.A., GJ. Conlogue, T.R. Light, and T.R. Sloan. 1981. Fractures 
of the radius and ulna in a skeletally immature fin whale. 
J Wildl Dis 17: 111-116. 

Ohsumi, S. 1965. A dolphin (Stenella caeruleoalba) with protruded 
rudimentary hindlimbs. Sci Rep Whales Inst 19: 135-156. 
Orams, M.B., and R.B. Deakin. 1997. Report on the healing of a large 
wound in a bottlenose dolphin (Jursiops truncatus). In Marine 
Mammal Research in the Southern Hemisphere, Volume 1: 
Status, Ecology and Medicine, ed., Hindell, M., and C. Kemper, 

174. New South Wales, Australia: Surrey, Beatty and Sons. 

Orr, J.R., and L.A. Harwood. 1998. Possible aggressive behav- 
ior between narwhal (Monodon monoceros) and a beluga 
(Delphinapterus leucas). Mar Mamm Sci 14: 182-185. 

Osborn, K.G., B.E. Joseph, L.H. Cornell et al. 1988. Leukemic lym- 
phoma in harbor seals (Phoca vitulina): Report of three cases 
occurring over two years and discussion of pathogenesis. In 
Proceedings of the American Association of Zoo Veterinarians, 
Toronto, Canada. 

Owen, H.C., M. Flint, CJ. Limpus, C. Palmieri, and P.C. Mills. 2013. 
Evidence of sirenian cold stress syndrome in dugongs Dugong 
dugon from southeast Queensland, Australia. Dis Aquat Organ 
103: 1-7. 

Paterson, R.A. 1984. Spondylitis deformans in a Bryde’s whale 
(Balaenoptera edeni Anderson) stranded on the southern 
coast of Queensland. J Wildl Dis 20: 250-252. 

Patterson, I.A.P., RJ. Reid, B. Wilson, K. Grellier, H.M. Ross, and 
P.M. Thompson. 1998. Evidence for infanticide in bottlenose 
dolphins: An explanation for violent interactions with harbour 
porpoises? Proc Biol Sci 265: 1167-1170. 

Pavia, A.T., J.A. Bryan, K.L. Maher, T.R. Hester, and JJ. Farmer HI. 
1989. Vibrio carchariae infection after shark bite. Annals 
Intern Med 111: 85-86. 

Perrin, W.F., R.L Brownell, and D.P. DeMaster 1984. Report of the 
International Whaling Commission: Reproduction in Whales, 
Dolphins, and Porpoises, Special Issue 6. Cambridge, UK: 
International Whaling Commission. 

Perrin, W.F., G.P. Donovan, and J. Barlow. 1994. Gillnets and 
Cetaceans, Report of the International Whaling Commission, 
Special Issue 15. Cambridge, UK. 

Philo, L.M., J.C. George, and T.F. Albert. 1992. Rope entanglement 
of bowhead whales (Balaena mysticetus). Mar Mamm Sci 8: 
306-311. 

Philo, L.M., E.B. Shotts, and J.C. George. 1993. Morbidity and mortality, 
in The Bowhead Whale, ed. J. Burns, C. Hanns, J. Montague, and 
C. Cowles, 275-312. Kansas: The Society for Marine Mammalogy. 

Piérard, J., A. Bisaillon, and N. Lariviere. 1977. Hypertrophic bone 
lesion in an Atlantic walrus (Odobenus odobenus). Vet Pathol 
14: 291-293. 


Pilleri, G. 1966. Hirnlipom beim Buckelwal, Megaptera novaean- 
gliae. Pathologischke Veter 5: 35-40. 

Pilleri, G. 1968. Cerebrale neurofibrome beim Finnwal, Balaenoptera 
physalus. Pathologischke Veter 5: 35-40. 

Pilleri, G. 1977. Hippomanes (allantoic ‘calculi’?) in the Ganges 
dolphin, Platanista gangetica. Investigations on Cetacea 8: 
121-122. 

Powell, J.S., R.T. Archibald, C.A. Cross, D.S. Rotstein, V.M. Soop, and 
W.E. McFee. 2009. Multiple congenital cardiac abnormalities 
in an Atlantic bottlenose dolphin (7ursiops truncatus). J Wildl 
Dis 45: 839-842. 

Prathap, K., N.G. Ardlie, J.C. Paterson, and CJ. Schwartz. 1966. 
Spontaneous arterial lesions in the Antarctic seal. Arch Pathol 
82: 287-296. 

Relig and KW. Pitcher. 2009. 

Entanglement of Steller sea lions (Eumetopias jubatus) in 


Raum-Suryan, L.A. Jemison, 
marine debris: Identifying causes and finding solutions. Mar 
Pollut Bull 58: 1487-1495. 

Raverty, S.A., L. Spavin, P. Cottrell et al. 2011. Gas bubble dis- 
ease in harbor porpoise (Phocoena phocoena) stranded in 
British Columbia, May, 2010. Proceedings of the 42nd Annual 
Conference International Association for Aquatic Animal 
Medicine, Las Vegas, Nevada. 

Rawson AJ., H.F. Anderson, G.W. Patton, and T. Beecher. 1991. 
Anthracosis in the Atlantic bottlenose dolphin (Tursiops trun- 
catus). Mar Mamm Sci 7: 413-4106. 

Read, A., P. Drinker, and S. Northridge. 2006. Bycatch of marine 
mammals in U.S. and global fisheries. Conserv Biol 20: 163-169 

Read, AJ., and K.-T. Murray. 2000. Gross evidence of human-induced 
mortality in small cetaceans, US Department of Commerce, 
NOAA Technical Memorandum, NMFS-OPR-15, 21 pp. 

Reddacliffe, G. 1988. Fatal intestinal torsion in two captive fur seals. In 
Marine Mammals of Australia, ed. M.L. Augee, 135-136. Sydney, 
Australia: Royal Zoological Society of New South Wales. 

Rehtanz, M., G.D. Bossart, P.A. Fair, J.S. Reif, SJ. Ghim, and A.B. 
Jenson. 2012. Papillomaviruses and herpesviruses: Who is 
who in genital tumor development in free-ranging Atlantic 
bottlenose dolphins (Tursiops truncatus). Vet Microbiol 160: 
297-304. 

Reimer, D.C., and T.P. Lipscomb. 1998. Malignant seminoma with 
metastasis and herpesvirus infection in a free-living sea otter 
(Enhydra lutris). J] Zoo Wildl Med 29: 35-39. 

Reiter, J., N.L. Stinson, and BJ. Le Boeuf. 1978. Northern elephant 
seal development: The transition from weaning to nutritional 
independence. Behav Ecol Sociobiol 3: 337-367. 

Rember, R., K. Harr, P. Ginn et al. 2005. Chronic boat strike and 
polycystic kidneys in a free-ranging manatee (Trichechus 
manatus latirostris). In Proceedings of the 36th Annual 
Conference International Association for Aquatic Animal 
Medicine, Seward, Alaska. 

Rennie, CJ., and C.D. Woodhouse. 1988. Scoliosis and uterine tor- 
sion in a pregnant sea otter (Enhydra lutris) from California. 
J Wildl Dis 24: 582-584. 

Rewell, R.E., and R.A. Willis. 1949. Some tumors of wild animals. 
J Pathol Bacteriol 61: 454-456. 


Noninfectious Diseases 293 


Rewell, R.E., and R.A. Willis. 1950. Some tumors found in whales. 
J Pathol Bacteriol 62: 450-452. 

Richardson, WJ., C.R. Greene, C.I. Malme, and D.H. Thomson. 1995. 
Marine Mammals and Noise. San Diego, CA: Academic Press. 

Ridgway, S.H. 1965. Medical care of marine mammals. J Am Vet Med 
Assoc 71: 237-242. 

Ridgway, S.H. 1972. Homeostasis in the aquatic environment. In 
Mammals of the Sea, Biology and Medicine, ed. S.H. Ridgway, 
590-747. Springfield, IL: C.C. Thomas Publ. 

Ridgway, S.H., J.R. Geraci, and W. Medway. 1975. Diseases of pin- 
nipeds. Rapp P V Reun Cons Int Explor Mer 169: 327-337. 
Riggin, J.. and D. Maldini. 2010. Photographic case studies of skin 
conditions in wild-ranging bottlenose dolphin (Tursiops trun- 

catus) calves. J Mar Anim Ecol 3: 5-9. 

Rivera, R., R. Robles-Sikisaka, E.M. Hoffman etal. 2012. Characterization 
of a novel papillomavirus species (ZcPV1) from two California 
sea lions (Zalophus californianus). Vet Microbiol 155: 257-266. 

Roberts, J.C., R.C. Boice, R.L. Brownell, and D.H. Brown. 1965. 
Spontaneous atherosclerosis in Pacific toothed and baleen 
whales. In Comparative Atherosclerosis, ed. J.C. Roberts, and 
R. Strauss, 151. New York, NY: Harper and Row. 

Robinson, S., L. Wynen, and S. Goldsworthy. 1999. Predation by 
a Hooker’s sea lion (Phocarctos hookeri) on a small popula- 
tion of fur seals (Arctocephalus spp.) at Macquarie Island. Mar 
Mamm Sci 15: 888-893. 

Rodriguez-Ramos Fernandez, J., NJ. Thomas, R.R. Dubielzig, and 
R. Drees. 2012. Osteosarcoma of the maxilla with concurrent 
osteoma in a southern sea otter (Enhydra lutris nereis). J Comp 
Pathol 147: 391-396. 

Ross, H.M., and B. Wilson. 1996. Violent interactions between bottle- 
nose dolphins and harbour porpoises. Proc R Soc 263: 283-2806. 

Rotstein, D.S., C.A. Harms, G.N. Lovewell, and A.A. Hohn. 2007. 
Gastric leiomyoma in a free-living Atlantic bottlenose dolphin 
(Tursiops truncatus). Vet Rec 160: 130-131. 

Rush, E.M., A.L. Ogburn, and M.M. Garner. 2012. Multicentric neu- 
rofibromatosis with rectal prolapse in a California sea lion 
(Zalophus californianus). J Zoo Wildl Med 43: 110-119. 

Sanchez J., L. Kuba, B. Beron-Vera et al. 2002. Uterine adenocar- 
cinoma with generalized metastasis in a bottlenose dolphin 
Tursiops truncatus from northern Patagonia, Argentina. Dis 
Aquat Organ 48: 155-159. 

San Martin, A.A., S.V. Macnie, R.N. Goodall et al. 2016. Pathology 
in skeletons of Peale’s dolphin Lagenorhynchus australis from 
southern South America. Dis Aquat Organ 120: 9-15. 

Sato, T., T. Higuchi, H. Shibuya et al. 2002. Lingual squamous cell 
carcinoma in a California sea lion (Zalophus californianus). 
J Zoo Wildl Med 33: 367-370. 

Sato, S., H. Kitamura, M. Mori, M. Fukazawa, M. Takeda, and K. 
Kadota. 1998. Adenocarcinoma of the lung in a Steller sea lion 
(Eumetopias jubatus). J Vet Med Sci 60: 1349-1351. 

Saunders, A.M., and R.C. Hubbard. 1966. Obstructive emphysema 
in an elephant seal, Mirounga angustirostris. Lab Anim Care 
16: 217-223. 

Sawyer, J.E., and W.A. Walker. 1977. Vaginal calculi in the dolphin. 
J Wildl Dis 13: 346-348. 


Schmitt, T.L., T.H. Reidarson, J. St. Leger, H.N. Nollens, G.K. Ogilvie, 
and D.R. Proulx. 2010. Medical, surgical, and radiation ther- 
apy of an oral squamous cell carcinoma in an Atlantic bot- 
tlenose dolphin (Wursiops truncatus). In Proceedings of the 
41st Annual Conference of the International Association for 
Aquatic Animal Medicine, Vancouver, BC Canada. 

Schmitt, T.L., and R.L. Sur. 2012. Treatment of urethral calculus 
obstruction with laser lithotripsy in an Atlantic bottlenose dol- 
phin (ursiops truncatus). J Zoo Wildl Med 43: 101-109. 

Schroeder, RJ., C.A. DelliQuadri, RW. McIntyre, and W.A. Walker. 
1973. Marine Mammal Disease Surveillance program in Los 
Angeles County. J Am Vet Med Assoc 163: 580. 

S. Zahler, 

Skirnisson, and U. Welsch. 1993. Histological investigations 


Schumacher, U., H.-P. Horney, G. Heidemann, K. 
on the thyroid glands of marine mammals (Phoca vitulina, 
Phocoena phocoena) and the possible implications of marine 
pollution. J Wildl Dis 29: 103-108. 

Schwacke, L.H., C.R. Smith, FI. Townsend et al. 2014. Health of 
common bottlenose dolphins (Tursiops truncatus) in Barataria 
Bay, Louisiana, following the Deepwater Horizon oil spill. 
Environ Sci Technol 48: 93-103. 

Seguel, M., R. Stimmelmayr, E. Howerth, and N. Gottdenker. 2016. 
Pulmonary mast cell tumor and possible paraganglioma in a 
free-ranging Pacific walrus (Odobenus rosmarus divergens), 
Barrow, Alaska, USA. J Wildl Dis 52: 407-10. 

Sierra, E., A. Fernandez, A. Espinosa de los Monteros et al. 2014. 
Histopathologic muscle findings may be essential for defini- 
tive diagnosis of suspected sharp trauma associated with ship 
strikes in stranded cetacean. PLoS One 9: e88780. 

Sierra E., J. Diaz-Delgado, M. Arbelo et al. 2015. Herpesvirus- 
associated genital lesions in a stranded striped dolphin 
(Stenella coeruleoalba) in the Canary Islands, Spain. J Wildl 
Dis 51: 696-702. 

Simpson J.G., and M.B. Gardner. 1972. Comparative microscopic 
anatomy of selected marine mammals, in Mammals of the Sea, 
Biology and Medicine, ed. Ridgway, S.H., 298-418. Springfield, 
IL: C.C. Thomas Publ. 

Slijper, EJ. 1962. Whales. Ithaca, NY: Cornell University Press. 

Smith, C.R., J.R. Poindexter, J.M. Meegan et al. 2014. Pathophysiology 
and physiochemical basis of ammonium urate stone formation 
in dolphins. J Urol 192: 260-260. 

Smolarek Benson, K.A., C.A. Manire, RY. Ewing et al. 2006. 
Identification of novel alpha- and gammaherpesviruses from 
cutaneous and mucosal lesions of dolphins and whales. / Virol 
Meth 136: 261-266. 

Southall, B.L., A.E. Bowles, W.T. Ellison et al. 2007. Marine mammal 
noise exposure criteria: Initial scientific recommendations. 
Aquat Mamm 33: 411-521. 

Spraker, T.R., and M.E. Lander. 2010. Causes of mortality in north- 
ern fur seals (Callorhinus ursinus) from the Pribilof Islands, 
Alaska, 1986-2000. J Wildl Dis 46: 450-473. 

Spraker, T.R., L.F. Lowry, and K.L. Frost. 1994. Gross necropsy and 
histopathological lesions found in harbor seals. In Marine 
Mammals and the Exxon Valdez, ed. T.R. Loughlin, 281-311. 
San Diego, CA: Academic Press, Inc. 


294 Noninfectious Diseases 


St. Leger, J.A., and E.M. Nilson. 2014. Intestinal atresia in a harbor 
seal (Phoca vitulina) and review of congenital conditions of 
the species. Aquat Mamm 40: 207-212. 

St. Leger, J.A., M. Stolen, W. Noke Duren, and N. Barros. 2011. Is 
anyone here a marine biologist? Fatal laryngeal obstruction in 
bottlenose dolphins (Zursiops truncatus). In Proceedings of the 
42nd Annual Conference of the International Association for 
Aquatic Animal Medicine, Las Vegas, NV. 

Stacy, B.A., A.M. Costidis, and J.L. Keene. 2015. Histologic changes 
in traumatized skeletal muscle exposed to seawater: A canine 
cadaver study. Vet Pathol 52: 170-175. 

Staedler M., and M. Riedman. 1993. Fatal mating injuries in female 
sea otters (Enhydra lutris nereis). Mammalia 57: 135-139. 

Stedham, M.A., H.W. Casey, and M. Keyes. 1977. Lymphosarcoma in 
an infant northern fur seal. J Wild Dis 13: 176-179. 

Steiger, G.H., J. Calambokidis, J.C. Cubbage, D.E. Skilling, A.W. 
Smith, and D.H. Gribble. 1989. Mortality of harbor seal pups 
at different sites in the inland waters of Washington. J Wildl 
Dis 25: 319-328. 

Stetzer, E., T.D. Williams, andJ.W. Nightingale. 1981. Cholangiocellular 
adenocarcinoma, leiomyoma and pheochromocytoma in a sea 
otter. J Am Vet Med Assoc 179: 1283. 

Stewart, B.S., and P.K. Yochem. 1987. Entanglement of pinnipeds 
in synthetic debris and fishing net and line fragments at San 
Nicolas and San Miguel Islands, California, 1978-1986. Mar 
Pollut Bull 18: 336-339. 

Stirling, I. 1969. Tooth wear as a mortality factor in the Weddell seal 
Leptonychotes weddelli. J Mamm 50: 559-565. 

Stolk, A. 1950. Tumors in whales. Amsterdam Naturalist 1: 28-33. 

Stolk, A. 
Koninklijke Nederlandse Akademie van Wetenschappen 55: 
275-278. Amsterdam, Netherlands: North Holland Publishing 
Company. 

Stolk, A. 1953. Some tumors in whales II. In Proceedings of Koninklijke 
Nederlandse Akademie van Wetenschappen 56: 369-374. 
Amsterdam, Netherlands: North Holland Publishing Company. 

Stout, C. 1969. Atherosclerosis in exotic carnivora and pinnipedia. 
Am J Pathol 57: 673-687. 

Stroud, R.K. 1979. Nephrolithiasis in a harbor seal. J Am Vet Med 
Assoc 175: 924-925. 

Stroud, R.K., and D.B. Stevens. 1980. Lymphosarcoma in a harbor 
seal (Phoca vitulina richardsii). ] Wildl Dis 16: 267-270. 
Stroud, R.K., and TJ. Roffe. 1979. Causes of death in marine mam- 

mals stranded along the Oregon coast. J Wildl Dis 15: 91-97. 

Suzuki, M., M. Kishimoto, S. Hayama, N. Ohtaishi, and F. Nakane. 
1992. A case of cleft palate in a Kuril seal (Phoca vitulina stej- 
negeri) from Hokkaido, Japan. J Wildl Dis 28: 490-493. 

Suzuki, M., N. Ohtaishi, and F. Nakane. 1990. Supernumary post 
canine teeth in the Kuril seal (Phoca vitulina stejnegeri), the 
Larga seal (Phoca largha), and the ribbon seal (Phoca fas- 
ciata). Jap J Oral Biol 32: 323-329. 

Sweeney, J.C. 1973. Management of pinniped diseases. In Proceed- 
ings of the American Association of Zoo Veterinarians, 141-171. 

Sweeney, J.C. 1974. Common diseases of pinnipeds. J Am Vet Med 
Assoc 165: 805-810. 


1952. Some tumors in whales. In Proceedings of 


Sweeney, J.C., and W.G. Gilmartin. 1974. Survey of diseases in free- 
living California sea lions. J Wildl Dis 10: 370-376. 

Sweeny, M.M., J.M. Price, G.S. Jones et al. 2005. Spondylitic changes 
in long-finned pilot whales (Globicephala melas) stranded 
on Cape Cod, Massachusetts, USA, between 1982 and 2000. 
J Wildl Dis 41: 717-727. 

Szatmari, V., B. Bunskoek, T. Kuiken, A. van den Berg, and C. van 
Elk. 2016. Echocardiographic diagnosis and necropsy findings 
of a congenital ventricular septal defect in a stranded harbor 
porpoise. Dis Aquat Organ 118: 177-183. 

Tanaka, N., T. Izawa, E. Kashiwagi-Yamamoto et al. 2013. Primary 
cerebral T-cell lymphoma in a sea otter (Enhydra lutris). J Vet 
Med Sci 75: 1667-1669. 

Tarasoff, FJ., and J. Piérard. 1970. Ectrodactylism in the harbor seal, 
Phoca vitulina L. (Mammalia: Phocidae). Can J Zool 48: 1381. 

Tarpley, RJ., G.H. Jarrell, J.C. George, J. Cubbage, and G.G. Stott. 
1995. Male pseudohermaphroditism in the bowhead whale, 
Balaena mysticetus. J] Mammal 76: 1267-1275. 

Tarpley, RJ., and S. Marwitz. 1993. Plastic debris ingestion by ceta- 
ceans along the Texas coast: Two case reports, Aquat Mamm 
19: 93-98. 

Taylor, D.C., and A.G. Greenwood. 1974. Functional and pathologi- 
cal aspects of the skin of marine mammals. In Functional 
Anatomy of Marine Mammals, ed., Harrison, RJ., 73-110. New 
York, NY: Academic Press. 

Taylor, M.A. 1993. Stomach stones for feeding or buoyancy? The 
occurrence and function of gastroliths in marine tetrapods. 
Philos Trans R Soc Lond B Biol Sci 341: 163-175. 

Thomas-Baker, B. 1986. Diskospondylitis in a California sea lion. 
J Am Vet Med Assoc 189: 1151. 

Torno, C.S., and M. Buccat-Flores. 2011. Angiomatosis in a stranded 
Fraser's dolphin in the Philippines. In Proceedings of the 
42nd Annual Conference of the International Association for 
Aquatic Animal Medicine, Las Vegas, NV. 

Trillmich, F., K.A. Ono, D.P. Costa et al. 1991. The effects of El Nifio on 
pinniped populations in the eastern Pacific. In Pinnipeds and 
El Nirio, Responses to Environmental Stress, ed., F. Trillmich, 
and K.A. Ono, 247-287. New York, NY: Springer-Verlag. 

Truex, R.C., FG. Nolan, R.C. Truex, H.P. Schneider, and H.I. 
Perlmutter. 1961. Anatomy and pathology of the whale heart 
with special reference to the coronary circulation. Anat Rec 
141: 325-354. 

Trupkiewicz, J.G., FM.D. Gulland, and LJ. Lowenstine. 1997. 
Congenital defects in northern elephant seals stranded along 
the central California coast. J Wildl Dis 33: 220-225. 

Turnbull, B.S., and D.F. Cowan. 1999a. Synovial joint disease in wild 
cetaceans. J Wildl Dis 35: 511-518. 

Turnbull, B.S., and D.F. Cowan. 1999b. Angiomatosis, a newly recog- 
nized disease in Atlantic bottlenose dolphins (7ursiops trunca- 
tus). Vet Pathol 36: 28-34. 

Turnbull, B.S., and D.F. Cowan. 1998. Myocardial contraction band 
necrosis in stranded cetaceans. J Comp Pathol 118: 317-327. 

Uys, CJ., and P.B. Best. 1966. Pathology and lesions observed in 
whales flensed at Saldanha Bay, South Africa. J Comp Pathol 
76: 407-412. 


Noninfectious Diseases 295 


Van Bonn, W. 2002. Perforation of the gastrointestinal tract in bot- 
tlenose dolphins (ursiops truncatus). In Proceedings of the 


33rd Annual Conference of the International Association for 


Aquatic Animal Medicine, Algarve, Portugal. 

Van Bonn, W., E. Montie, S. Dennison et al. 2011. Evidence of injury 
caused by gas bubbles in a live marine mammal: Barotrauma 
in a California sea lion Zalophus californianus. Dis Aquat 
Organ 96: 89-96. 

Van Bressem, M-F., G. Minton, D. Sutaria et al. 2014. Cutaneous 
nodules in Irrawaddy dolphins: An emerging disease in vul- 
nerable populations. Dis Aquat Organ 107: 181-189. 

Van Bressem, M.F., K. Van Waerebeek, U. Siebert, A. Wiinschmann, 
L. Chavez-Lisambart, and J.C. Reyes. 2000. Genital diseases 
of the Peruvian dusky dolphin (Lagenorhynchus obscurus). 
J Comp Pathol 122: 266-277. 

Van Bressem, M-F., L. Flach, J.C. Reyes et al. 2015. Epidemiological 
characteristics of skin disorders in cetaceans from South 
American waters. Lat Am J Aquat Mamm 10: 20-32. 

Van Bressem, M-F., M.C. de Oliveira Santos, and J.E. de Faria 
Oshima. 2009. Skin diseases in Guiana dolphins (Sotalia gui- 
anenis) from the Paranagua estuary, Brazil: A possible indica- 
tor of a compromised marine environment. Mar Environ Res 
67: 63-68. 

van der Hoop, J.M., MJ. Moore, S.G. Barco et al. 2013. Assessment 
of management to mitigate anthropogenic effects on large 
whales. Conserv Biol 1: 121-133. 

Venn-Watson S., C. Benham, F.M. Gulland et al. 2012b. Clinical rel- 
evance of novel Otarine herpesvirus-3 in California sea lions 
(Zalophus californianus): Lymphoma, esophageal ulcers, and 
strandings. Vet Res 43: 1-15. 

Venn-Watson, S., C. Benham, K. Carlin, D. DeRienzo, and J. St. Leger. 
2012c. Hemochromatosis and fatty liver disease: Building evi- 
dence for insulin resistance in bottlenose dolphins (Jursiops 
truncatus). J Zoo Wildl Med 43: $35—-S47. 

Venn-Watson, S., C.R. Smith, C. Dold, S.H. Ridgway. 2007. Use of 
serum-based glomerular filtration rate prediction equation to 
assess renal function by age, sex, fasting, and health status in 
bottlenose dolphins (Zursiops truncatus). Mar Mamm Sci 24: 
71-80. 

Venn-Watson, S., C.R. Smith, and E.D. Jensen. 2008. Assessment 
of increased serum aminotransferases in a managed Atlantic 
bottlenose dolphin population (Zursiops truncatus). J Wildl Dis 
44: 318-330. 

Venn-Watson, S., C.R. Smith, S. Johnson, R. Daniels, and F. 
Townsend. 2010. Clinical relevance of urate nephrolithiasis 
in bottlenose dolphins, Tursiops truncatus. Dis Aquat Organ 
89: 167-177. 

Venn-Watson, S., C.R. Smith, S. Stevenson et al. 2013. Blood-based 
indicators of insulin resistance and metabolic syndrome in 
bottlenose dolphins (Tursiops truncatus). Front Endocrinol 
(Lausanne) 4 doi:10.3389/fendo.2013.00136. 

Venn-Watson, S., K. Carlin, and S. Ridgway. 2012a. Dolphins as 
animal models for type 2 diabetes: Sustained, postprandial 
hyperglycemia and hyperinsulinemia. Gen Comp Endocrinol 
179: 193-199. 


Venn-Watson, S., K.M. Colegrove, J. Litz et al. 2015. Adrenal gland and 
lung lesions in Gulf of Mexico common bottlenose dolphins 
(Tursiops truncatus) found dead following the Deepwater 
Horizon oil spill. PLoS One 10: e0126538. 

Venn-Watson, S., C.R. Smith, C. Dold, S.H. Ridgway. 2007. Use of 
serum-based glomerular filtration rate prediction equation to 
assess renal function by age, sex, fasting, and health status in 
bottlenose dolphins (Tursiops truncatus). Mar Mamm Sci 24: 
71-80. 

Venn-Watson, S., C.R. Smith, and E.D. Jensen. 2008. Assessment 
of increased serum aminotransferases in a managed Atlantic 
bottlenose dolphin population (Zursiops truncatus). J Wildl Dis 
44: 318-330. 

Venn-Watson, S., C.R. Smith, S. Johnson, R. Daniels, and F. 
Townsend. 2010. Clinical relevance of urate nephrolithiasis 
in bottlenose dolphins, Tursiops truncatus. Dis Aquat Organ 
89: 167-177. 

Venn-Watson, S., C.R. Smith, S. Stevenson et al. 2013. Blood-based 
indicators of insulin resistance and metabolic syndrome in 
bottlenose dolphins (Tursiops truncatus). Front Endocrinol 
(Lausanne) 4 doi:10.3389/fendo.2013.00136. 

Walsh, M.T., D. Beusse, G.D. Bossart, W.G. Young, D.K. O’Dell, 
and GW. Patton. 1988. Ray encounters as a mortality factor in 
Atlantic bottlenose dolphins (Zursiops truncatus). Mar Mamm 
Sci 4: 154-162. 

Waring, G.T., P. Gerrior, P.M. Payne, B.L. Parry, and J.R. Nicolas. 
1990. Incidental take of marine mammals in foreign fishery 
activities off the northeast United States. Fish Bull US 88: 
347-3060. 

Watson, A.G., L.E. Stein, C. Marshall, and G.A. Henry. 1994. 
Polydactyly in a bottlenose dolphin, Tursiops truncatus. Mar 
Mamm Sci 10: 93-100. 

Watson, A.G., and R.K. Bonde. 1986. Congenital malformations of 
the flipper in three West Indian manatees, Trichechus mana- 
tus, and a proposed mechanism for development of ectrodac- 
tyly and cleft hand in mammals. Clin Orthop Relat Res 202: 
294-301. 

Wells, C., and P. Lawrence. 1976. A pathological dolphin. Med Biol 
Illustr 26: 35-37. 

Wells, R., and M. Scott. 1997. Seasonal incidence of boat strikes on 
bottlenose dolphins near Sarasota, Florida. Mar Mamm Sci 13: 
475-480. 

Wells, R.L., R.A. Henderson, L.A. Staggs, D. Rotstein, E. Barnard, 
and F.I. Townsend Jr. 2013. Partial mastectomy on a California 
sea lion (Zalophus californianus) diagnosed with complex 
mammary adenocarcinoma. In Proceedings of the 44th Annual 
Conference of the International Association for Aquatic Animal 
Medicine, Sausalito, California. 

Wiig, O., R.E. Derocher, N.M. Cronin, and J.U. Skaare. 1998. Female 
pseudohermaphrodite polar bears at Svalbard. J Wildl Dis 34: 
792-796. 

Wilkin, S., J. Cordaro, F.M.D. Gulland et al. 2012. An unusual mortal- 
ity event of harbor porpoise (Phocoena phocoena) off central 
California: Increase in blunt trauma rather than an epizootic. 
Aquat Mamm 38: 301-310. 


296 Noninfectious Diseases 


Wilkinson, I.S., SJ. Childerhouse, PJ. Duignan, and F.M.D. Gulland. 

2000. Infanticide and cannibalism in the New Zealand Sea 

Lion, Phocarctos hookeri. Mar Mam Sci 16: 494-500. 

Williams, T.D., C.J. Farwell, J.D. Soule, and J. Ticer. 1987. Volvulus in 

a sea otter. Cal Veterin 5: 97. 

Williams, T.D., and LT. Pullet. 1981. Leiomyomas in two sea otters, 

Enbyda lutris. J Wildl Dis 17: 401. 

Williams, T.D., and W. Pinard. 1983. Pneumoperitoneum associated 

with intestinal volvulus in a sea otter. J] Am Vet Med Assoc 183: 

1288-1289. 

Wilson, B., P.M. Thompson, and P.S. Hammond. 1997. Skin lesions 
and physical deformities in bottlenose dolphins in the Moray 


Firth: Population prevalence and age-sex differences. Ambio 
26: 243-247. 

Woodhouse, C.D., and CJ. Rennie. 1991. Observations of vaginal 
calculi in dolphins. J Wildl Dis 27: 421-427. 

Woodruff, R.A., R.K. Bonde, J.A. Bonilla, and C.H. Romero. 2005. 
Molecular identification of a papilloma virus from cutaneous 
lesions of captive and free-ranging Florida manatee. J Wildl 
Dis 41: 437-441. 


Ylitalo, G.M., J.E. Stein, T. Hom et al. 2005. The role of organo- 
chlorines in cancer-associated mortality in California sea lions 
(Zalophus californianus). Mar Pollut Bull 50: 30-39. 

You, M.H., I.H. Bae, H. Jee, MJ. Yoo, N.S. Shin, and D-Y. Kim. 2008. 
Hemangiosarcoma in a South American sea lion (Otaria byro- 
nia). J Zoo Wildl Med 39: 118-120. 

Zabka, T.S., E.L. Buckles, F.M.D. Gulland, M. Haulena, D.K. Naydan, 
and LJ. Lowenstine. 2004. Pleomorphic rhabdomyosarcoma 
with pulmonary metastasis in a stranded Steller (northern) sea 
lion (Eumetopias jubatus). J] Comp Pathol 130: 195-198. 

Zabka, T.S., LJ. Lowenstine, and F.M.D. Gulland. 2005. Normal 
gastrointestinal anatomy and perforating ulcerative gastro- 
duodenitis in California sea lions (Zalophus californianus). 
In Proceedings of the 36th Annual Conference International 
Association for Aquatic Animal Medicine, Seward, Alaska. 

Zinchenko, V.L., and MV. Ivashin. 1987. Siamese twins of Minke 
whales of the southern hemisphere. Sci Rep Whales Res Inst 
38: 105-169. 


fe) 
ENVIRONMENTAL TOXICOLOGY 


TODD M. O’HARA AND LESLIE HART 


Contents 
THtrOGUCHON er sisscipiesesvam Rtancadesvacnaesinnintiensmatiannes ; .. 297 
Diagnostic Procedures.......cceceseseeteesteeeteenteesteeneeenteenteeents 298 
DOSE: SCalin gressive ceestaitecanrarscioraes thbadsacnacrnnaintsacueicesecsaeesies 298 
TTAB IIOSIS sears teusncdiby acest sdemhcra tun en canes neaeneeea ua denbietaesaceats 298 
ClaSSES' Of TOXGCANS -s wcssscaiicstsdisdancarseensnvaatatancadaeiouncancneymamnanas 299 
MVS tN S105 costes canes chs p seh Weoe ezetvaeh deceit ewemectnuest Sesacate? 299 
AMUORIGANUS ves divess sneiuscdvsaonaesndsadbverscdsuws dastasuniend cupudewebdawluis 299 
Mercury and Selenium: Toxicant 
and Nutrient Interaction 00... ceeceeeeeeeeteeeeeeeeeesteeeneeens 299 
Metallothionein (MT) and Mercury .....ccceceseeteenteenees 301 
POPUAtON IM Pact ssa cuiinosssedwecsrtehenersansvoverdeacvesgenwivacation 306 
Polar Bear Case Study .....ceceecesecesetecsteecteesneesneeeneeeseeeneeeaes 307 
Chemical Plasticizers and Microplastics .....0.. ee 307 
Ecophysiologic Considerations ........:.cccccseseeeteenteententeeeees 308 
Marine Mammals as “Hazmat” ......0.ccccccceccceseesteeettenteeneens 309 
One Health and Population Implications... 309 
Conclusions: Hysteria vs. Association vs. Cause-Effect ...... 310 
AcknowledgmenttS ........0:cccccceeteeeceeesteetteeeteeneresnteenteseneenntenss 310 
REfEPENCES: is césadesvacocacstecesscastershacluteadu stasis ackodnonthadbuaveddneaetartiate 310 


Introduction 


A poison is any substance that when ingested, inhaled, 
absorbed, applied to, injected into, or developed within the 
body, in relatively small amounts, may cause damage to body 
structure or disturbance of function (Fowler 1993). Clinical 
and diagnostic toxicology utilizes a variety of techniques to 
determine the role a “poison” has in producing an adverse 
effect on health, as manifested in disease in an individual, 
population mortality events, or low recruitment. When toxi- 
cologists can make diagnostic and mechanistic links between 
toxic agents, and gross, histological, biochemical, and molec- 
ular markers of exposure, clinicians can use this informa- 
tion to improve surveillance, evaluate adverse health impacts, 
and consider appropriate preventive or treatment measures. 
Unfortunately, for many toxicants of concern to marine mam- 
mals, we have not made these important linkages. Thus, toxi- 
cology, as a multidisciplinary effort, relies on many types of 
expertise requiring that we frequently refer readers to other 
sections of this book. 

Marine mammals stem from several distinct evolutionary 
lines and fill diverse ecological roles, from primary consum- 
ers to top carnivores. Their exposure to potentially toxic 
substances is highly variable and differs across taxa. Marine 
mammals possess a wide range of functional and morpho- 
logical adaptations that influence their susceptibility to toxic 
substances, including large body size (e.g., blue whales 
Balaenoptera musculus); \ow mass-specific metabolic rates 
(e.g., sirenians, bowhead whales Balaena mysticetus); physi- 
ological and biochemical adaptations for deep diving; large 
storage compartments (blood, lipid); extremes in epidermis 
and dermis dimension and composition, which affect der- 
mal response and absorption; wide amplitudes of seasonal 
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cycles in fat storage and mobilization; and extremely long 
lives (Harley and O’Hara 2016). Bowhead whales serve as 
an example of the difficulty in applying toxicological knowl- 
edge from humans or domestic animals to marine mammals. 
Namely, they are very large, live to be 150-200 years old, 
and are lipid rich. It is possible to misattribute health effects 
resulting from growth or old age to differences in chemical 
exposure. For example, renal and pulmonary fibrosis in bow- 
head whales can be due to geriatric age and large body size, 
rather than elevated liver and kidney cadmium (Cd) concen- 
trations, which can also produce such conditions (Woshner 
et al. 2001, 2002; Rosa et al. 2008). 

Unlike for domesticated and laboratory animals, our 
understanding of chemical absorption, distribution, metab- 
olism (biotransformation), and excretion (elimination) is 
limited for most species of marine mammals. The lack of 
models based on marine mammals themselves hinders our 
ability to discuss the toxicokinetics of exposure and to assess 
potential adverse effects. In one of the few examples, Hickie, 
Mackay, and De Koning (1999) proposed a pharmacokinetic 
model for hydrophobic agents, based on polychlorinated 
biphenyl (PCB) exposure in belugas (Delphinapterus leu- 
cas). Several authors have reviewed the subject of toxicants 
in marine mammals looking at, inter alia, concentrations, 
effects, detoxification mechanisms, and drivers of exposure 
(O’Shea 1999; Reijnders et al. 1999; Vos et al. 2002; O’Hara 
and O’Shea 2005; O’Hara et al. 2011; Harley and O’Hara 
2016). However, other than chemical residue data, limited 
information is available on effects of toxicants, due to the 
difficulties accessing marine mammals, limited opportunities 
for experimental studies, and regional and national variations 
in research effort, stranding response, and institutional and 
financial support. 

Marine mammals have been subject to examination 
for concentrations of toxic substances in tissues for some 
decades, and efforts have been made to understand exposure 
pathways (e.g., trophic transfer) and biological responses (e.g., 
induced enzymes, metabolites formed, adverse effects), but 
our access to them for such research is limited. Logistic, ethi- 
cal, political, and financial constraints on such research make 
marine mammals among the least studied groups in terms of 
being subject to controlled sampling or experiments. What we 
do know about marine mammal toxicology has resulted pri- 
marily from observational studies that establish associational, 
rather than causal, relationships. Additionally, prediction of 
toxicant effects in marine mammals is also limited because it 
is often only possible to collect single, cross-sectional mea- 
surements of residues (e., snapshots). This makes it difficult 
to establish temporality for the dose and response, especially 
for tissues with highly transient concentrations (e.g., blood; 
Peterson et al. 2016). 

Nendza et al. (1997) and others indicate that aquatic 
exposure assessments are not adequate for marine mam- 
mal exposure risk assessment, and instead emphasize the 
importance of determining contaminant body burden in 


prey species (.e., by assessing dietary exposure). For exam- 
ple, mammals exchange volatiles in air based on air—octanol 
dynamics (K,,) partitioning, whereas fish exchange gases in 
water via water—octanol (K,,,) partitioning. Moses et al. (2015) 
used K,, and K,,, interactions to demonstrate that spotted 
seals (Phoca largha) accumulated some PCBs that ecologically 


niche-matched sheefish (Stenodus leucichthys) did not. 


Diagnostic Procedures 


Dose Scaling 


The range of marine mammal body sizes (sea otters to blue 
whales) makes it important to consider toxicant scaling (toxin 
exposure or level relative to response), which remains an 
unresolved issue for marine mammal contaminant exposure: 
How should exposures and toxicant effects be scaled among 
such diverse mammals? For example, using various proposed 
techniques for calculating dosages, the available range of 
lysergic acid diethylamide (LSD) administered to an elephant 
varies from 0.4 to 297 mg depending upon the behavioral 
effect desired (Schmidt-Nielsen 1972). Likewise, the same 
level of uncertainty associated with toxicoses exists. The 
differences in absorption, metabolism (metabolic rate and 
biotransformation), elimination, nutritional condition, blood 
circulation, and body size across different species and indi- 
viduals mean responses to a single agent may range from no 
effect to acute toxicoses. As a result, marine mammal toxicol- 
ogy must continue to rely on guidelines and thresholds for 
unrelated species and from unrealistic exposure scenarios. 


Diagnosis 


In some cases, response to therapy confirms the causative agent 
as the effects of a toxicant reverse (e.g., atropine and 2-PAM 
for organophosphorus poisoning). In other cases, excreting 
the toxicant causes signs to abate. To assist in identifying 
a potential exposure source in legal cases, it is also critical 
that collection of clinical data and archiving samples happen 
before the toxicant is excreted. From a management perspec- 
tive, a reliable diagnosis can drive critical policy changes, 
especially if an anthropogenic role is involved. In attempting 
to observe population-level effects (such as reduced repro- 
duction, tentatively implicating chronic or low-level exposure 
to environmental contaminants), the investigation can be dif- 
ficult and diagnosis elusive. Such an investigation will likely 
become a research project, but the role of clinical diagnostics 
should not be undervalued. Although the effects may be sub- 
tle in individual animals and involve reproductive or immune 
status in ways that are currently unknown or unmeasurable, 
they may have significant implications for a population. 
During gross examinations and sampling, it is important 
not to presume a diagnosis. If a sampling plan ends up driven 
by diagnosis, rather than by the goal of a full assessment of 
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the condition and health of the animal, then investigations 
may inappropriately focus on exposure biomarkers. Chemical 
residues, biochemical markers, and histologic samples require 
appropriate collection, and, once collected in the field, no 
laboratory can improve a sample’s quality. Histopathology 
can indicate the response of the animal and pathogenesis of 
the observed effects. Biochemical assays (e.g., enzyme inhibi- 
tion, induction of some enzymes) can indicate the presence 
of biochemical (functional) lesions possibly associated with 
the presence of an agent. Yet for some biochemical indica- 
tors, a response does not necessarily indicate an adverse 
effect. Normal or expected response versus adverse effect can 
commonly be confused for some biomarkers. For example, 
although the induction of the cytochrome P450 system nor- 
mally occurs in the presence of some organochlorines, it does 
not necessarily indicate an adverse effect, since it is simply a 
normal, physiological response. Additionally, the induction of 
this enzyme does not indicate whole animal or population- 
level effects; rather, it only reflects exposure to a toxicant, as 
well as individual metabolic processes. We encourage that 
the overall health of species be evaluated, and recommend 
that criteria for such assessments be developed so that these 
biomarkers can be used to assess individual and population 
adverse health effects. 


Classes of Toxicants 


Elements 


Elemental interactions are critical, as many toxic nonessen- 
tial elements interfere with “essential” elements required to 
maintain homeostasis. Additionally, high levels of essential 
elements may be toxic, and toxicity can vary with the form 
of the element (e.g., valence, inorganic, or organic). Extensive 
surveys of elements in marine mammal tissues have provided 
a large amount of data on the tissue residues and their con- 
centration changes with age (reviewed in O’Shea 1999; Vos 
et al. 2002). Due to adverse effects observed in other mam- 
malian species, the elements of greatest concern are mercury 
(Hg), cadmium (Cd), lead (Pb), and organotins (R-Sn). Other 
elements either occur in low concentrations, have suspected 
roles as essential nutrients, or lack evidence of harmful effects 
at reported concentrations. In this chapter, we focus on the 
interaction of Hg and Se; however, other elements may be 
important in some scenarios with respect to toxicity and/or 
deficiency, and regional or local concerns may exist for ele- 
ments not listed above (including radionuclides). 


Antioxidants 


Many toxicants increase oxidative stress (produce oxidants), 
including reactive intermediates that can attack critical mac- 
romolecules (DNA, protein). Antioxidants can protect the cell 
by blocking these damaging compounds before they attack 


critical components. Such protections occur either through 
direct attack (chemical to chemical), where the antioxidant 
attacks the reactive component without use of enzymes, or 
via enzymatic mechanisms. As examples, a nonenzymatic 
antioxidant is vitamin E, whereas an enzyme is glutathione 
peroxidase (GPx). Diving mammals have higher activities of 
GPx and other antioxidants compared to terrestrial mammals 
(Wilhelm Filho et al. 2002; Vazquez-Medina, Zenteno-Savin, 
and Elsner 2006, Vazquez-Medina et al. 2012; Cantu- 
Medellin et al. 2011). Harley and O’Hara (2016) describe 
the role of antioxidants against effects of various toxicants, 
including Hg. Farina et al. (2011) describe oxidative stress as 
a key mechanism for neurotoxicity of Hg. 


Mercury and Selenium: Toxicant 
and Nutrient Interaction 


Hg is a toxic, nonessential element that can biomagnify in 
food webs, particularly in its methylated neurotoxic form 
(monomethyl-Hg or MeHg+). In general, piscivorous marine 
mammals have high concentrations of Hg. Exposure may 
be of geologic origin (Leonzio, Focardi, and Fossi 1992), 
or from more discrete point sources, such as mining areas 
near Amazon River dolphin Unia geoffrensis) habitat (Rosas 
and Lehti 1996), and urban estuarine environments such as 
the San Francisco Bay (USA) region (Brookens, Harvey, and 
O’Hara 2007; Brookens et al. 2008; McHuron et al. 2014). 
Extraordinarily high concentrations of total Hg have been 
reported in livers of marine mammals (Koeman and van de 
Ven 1975; Smith and Armstrong 1975; Roberts, Heppleston, 
and Roberts 1976; Reijnders 1980; Leonzio, Focardi, and 
Fossi 1992; Caurant, Navarro, and Amiard 1996; Siebert 
et al. 1999; Storelli, Zizzo, and Marcotrigiano 1999; Das 
et al. 2004). Baleen whales and sirenians, which typically 
feed lower in the food web, have lower liver Hg concen- 
trations in comparison with piscivorous species (Dietz et 
al. 1990; Sanpera et al. 1993; O’Shea and Brownell 1994; 
Woshner 2000). 

The proposed tolerance of cetaceans and pinnipeds for 
Hg may be linked to the evolution of biochemical mecha- 
nisms involving selenium, an essential element that occurs in 
many forms. In most marine mammals, Se appears to serve 
a protective role against Hg toxicity (koeman and van de 
Ven 1975; Cuvin-Aralar and Furness 1991). Liver Hg concen- 
trations, and accompanying high Se levels, considered toxic 
in other mammals, occur frequently in marine mammals 
(Koeman and van de Ven 1975; Figure 15.1. 

Hg-Se molar ratios in tissues of several species of marine 
mammals (see summary in O’Shea 1999; Harley and O’Hara 
2016) are associated with age and body size (O’Shea 1999). 
Selenium modulates Hg toxicity. At low tissue levels of Hg, 
the Hg-Se molar ratio positively correlates up to Hg con- 
centrations of 100 ppm, at which point the liver molar ratio 
stabilizes to approximately 1:1 (Krone et al. 1999; Khan 
and Wang 2009; Figure 15.2). Additionally, as Figure 15.2 
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Figure 15.1 Marine mammals display a 
large variation in selenium (Se) concentra- 
tions in liver. Mean concentrations and 
thresholds of toxicity are presented in dry 
weight (dw) assuming mean water weight of 
75%. The number of individuals for which the 
mean concentration is calculated is displayed 
above each bar. (Adapted from Das, K. et 

al., Heavy metals in marine mammals, In 
Toxicology of Marine Mammals, ed. J .G. 
Vos et al., 185-166, Boca Raton, FL: CRC 
Press, 2003; From Harley, J., and T. O’Hara, 
Toxicology and poisons. In Marine Mammal 
Physiology: Requisites for Ocean Living, ed. 
M.A. Castellini and J.-A. Mellish, 309-336. 
Boca Raton, FL: CRC Press, 2016.) 
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Figure 15.2 Mercury (Hg) and selenium (Se) display a multifaceted 
antagonistic relationship in marine mammals, including the formation of 
an insoluble mineral (HgSe, tiemmanite) occasionally resulting in a near- 
1:1 molar correlation. The 1:1 molar ratio can potentially be viewed as Se 
deficient if HgSe is not bioavailable, wherein selenium is unable to par- 
ticipate in Se-dependent detoxification processes (i.e., glutathione per- 
oxidase, selenoproteins). We emphasize, somewhat counterintuitively, 
with high concentrations of Se seen in marine mammals (see Figure 
15.1) that potential selenosis could occur in marine mammals as a result 
of Hg deficiency. (Adapted from Khan, M. A. K., and F. Wang, Mercury— 
selenium compounds and their toxicological significance: Toward a 
molecular understanding of the mercury—selenium antagonism, Environ 
Toxicol Chem 28: 1567-1577, 2009; From Harley, J., and T. O’Hara, 
Toxicology and poisons. In Marine Mammal Physiology: Requisites 

for Ocean Living, ed. M.A. Castellini and J.-A. Mellish, 309-336. Boca 
Raton, FL: CRC Press, 2016.) 
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depicts, animals with levels at the 1:1 molar ratio may appear 
as Se deficient, if Hg-Se is not bioavailable, wherein sele- 
nium is unable to participate in Se-dependent detoxifica- 
tion processes (.e., glutathione peroxidase, selenoproteins). 
Counterintuitively, with high concentrations of Se (see also 
Figure 15.1), potential selenosis could occur in marine mam- 
mals as a result of Hg deficiency. 

Also, a 1:1 ratio is not always evident (Woshner 2000). 
In some cases, this hypothesized protective molar mass ratio 
has been documented to be less than 1:1 (Correa et al. 2014, 
2015). There is fairly recent information on Hg—Se molar mass 
ratios in the livers of Guiana dolphins (Sotalia guianensis; 
Lailson-Brito et al. 2012) and Steller sea lions (Eumetopias 
jubatus; Correa et al. 2014). 

The biochemistry of demethylation and the likely pro- 
tective effect of Se are not completely understood in marine 
mammals. Both processes appear to involve transfer of Hg 
away from the kidney and other sensitive organs to muscle 
and other tissues, competition for binding sites, formation 
of a Hg-Se complex, conversion of toxic forms of Hg (e.g., 
methylated) to less toxic forms (e.g., divalent), and preven- 
tion of oxidative damage (Cuvin-Aralar and Furness 1991). 
Detoxification may also occur due to the formation of Hg- 
selenide complexes (tiemmanite), which sequester Hg, and 
allow for elimination via cellular sloughing (Nigro and 
Leonzio 1996; Khan and Wang 2009; Lailson-Brito et al. 2012; 
Figure 15.2). For example, using micro-x-ray fluorescence, 
Nakazawa et al. (2011) documented molecules in many tis- 
sues of striped dolphin (Stenella coeruleoalba). This indicates 
that Se interacts directly with Hg via sequestration. 

Se is a key component of the GPx family of enzymes, so 
in addition to sequestering Hg, Se is an essential antioxidant 
for enzymatic processes (Branco et al. 2012). Proteins with 
Se-containing active sites (selenoproteins) often contain sele- 
nocysteine residues, such as human GPx1, in which Se takes 
the place of sulfur (S) in the cysteine residue, forming a sela- 
nol group. Se has a role in metal detoxification and defense 
against oxidative stress through direct interactions between 
Se and other metals, and via indirect actions of Se cofactor 
requiring proteins. Das et al. (2016) note Se is a MeHg+ antag- 
onist (Cuvin-Aralar and Furness 1991; Ralston and Raymond 
2010) and may act via one of five mechanistic pathways. These 
antagonistic mechanisms (other than HgSe formation) include 
(1) MeHg+-Se compounds; (2) demethylation of MeHg+ that is 
Se-dependent or enhanced; (3) Se-driven tissue distribution of 
inorganic Hg; (4) antioxidant effects of Se on methyl radicals 
from MeHg+; and (5) Se deficiency as a result of abundant 
Hg. Again, Das et al. (2016) indicate MeHg+ is a highly spe- 
cific, irreversible inhibitor of Se-dependent enzymes (seleno- 
enzymes; Ralston and Raymond 2010). 


Metallothionein (MT) and Mercury 


Although this chapter emphasizes Se-dependent processes, 
there is some need to appreciate element binding peptides 


that are not directly Se-dependent. Even though metallothio- 
nein (MT)-bound Hg tends to be a relatively low proportion 
of total Hg in tissues, it may represent an important transi- 
tional Gntermediate) Hg processing step. Metallothioneins are 
metal binding proteins (Das, Debacker, and Bouquegneau 
2000) involved with uptake, transfer, and excretion. The MTs 
have been postulated to be involved in defending organisms 
against heavy metals including Hg; however, their significance 
in overall “defense” is relatively unknown (Trojanowska and 
Sapota 1974). In mammalian models, Hg induction of MTs 
occurs via free forms of some metals (e.g., Reus et al. 2003) 
and/or independently via cellular oxidative stress (Andrews 
2000). The complication for assessing the importance of MTs 
for heavy metal detoxification is that marine mammal stud- 
ies have indicated that only a relatively small percentage of 
Hg is actually bound to MTs in some tissues (Lee et al. 1977; 
Caurant, Navarro, and Amiard 1996). However, transient 
binding to MTs may influence an acute response to intra- 
cellular forms of Hg by facilitating transport to other organs 
or eventual biotransformation of metals into inactive forms 
(e.g., tiemmanite; Harley and O’Hara 2016). It is important 
to note that frozen preservation and long-term storage of tis- 
sues from long-dead animals (.e., days, weeks) may miss the 
intermediate or transitional role of MTs, because live tissue is 
typically not properly biopsied and preserved, and therefore 
may not capture the Hg or MeHg+ binding event with MT. 
For a review of MT in marine mammals, we suggest Das et al. 
(2000) and Harley and O’Hara (2016). 


Mercury and Immunotoxicity Methylated forms of Hg are 
neurotoxic, and recent research has implicated the immune 
system as a target for toxicity (Das et al. 2016). Relatively high 
concentrations of Hg in marine mammals from the North 
Sea were associated with what the authors considered severe 
immunotoxic effects in vitro (Das et al. 2008; Kakuschke et 
al. 2009; Dupont et al. 2016). Exposure to Hg has been linked 
to in vitro and in vivo immunotoxicological effects in other 
marine mammals, and Se may have partial in vitro protec- 
tion against inorganic and organic Hg, suggested by studies 
of beluga whale (Delphinapterus leucas) T-lymphocytes (see 
Chapter 11). However, Das et al. (2016) showed no protec- 
tive effects of Se at a molar ratio of 1:10 on MeHg+-intoxicated 
immune cell function in vitro. Thus, the critical thresholds of 
circulating MeHg+ that result in impacts on immune systems 
are unclear, and this suggests that other factors may be influ- 
ential. Concentrations in blood greater than 0.2-0.5 MeHg+ 
pg/ml may affect immune status (Kakuschke et al. 2009; Das 
et al. 2016; Desforges et al. 2016). 


Mercury and Histology Few studies have associated hepatic 
Hg concentrations with tissue pathology. Rawson et al. 
(1993, 1995) noted Hg-associated lipofuscin-like pigment 
granules and liver lesions (fat globules, central necrosis, lym- 
phocytic infiltrates) in bottlenose dolphins (Zursiops trunca- 
tus) with relatively high concentrations of total Hg in liver 
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(up to 443 ppm wet weight). Pigment granules were found in 
all dolphins with 61 ppm or more Hg; however, these animals 
were also older, suggesting age-associated pigment accumu- 
lation. Siebert et al. 999) determined associations among 
Hg concentrations and gross and histopathological lesions in 
57 harbor porpoises (Phocaena phocaena) and three white- 
beaked dolphins (Lagenorbyncus albirostris) from the Baltic 
and North Seas. No lesions indicative of Hg intoxication were 
found, despite total Hg liver concentrations of up to 449 ppm 
dry weight and MeHg+ concentrations of up to 26 ppm dry 
weight. Woshner (2000) conducted a survey of Hg-specific 
lesions in polar bear (Ursus maritimus), tinged seal (Phoca 
hispida), bowhead whale, and beluga tissues, and found no 
association with pigment levels, tissue distribution, or Hg 
concentrations. 

The gross distribution of Hg within the liver of harbor 
porpoises is homogenous, but in belugas is zonally distrib- 
uted (Woshner 2000). Within the cell, Hg and Se can occur 
as dense, intracellular granules located in macrophages, 
mainly within the liver, but these have also been noted in 
the spleen, bone marrow, and lungs. Electron microscopy has 
been utilized to improve our understanding of mechanisms of 
MeHg+-induced toxicity in harbor seal (Phoca vitulina) lym- 
phocytes (Dupont et al. 2016) and in evaluating microscopic 
evidence of increased apoptosis that likely involves mitochon- 
dria. Macrophages may accumulate Hg through phagocytosis 
of erythrocytes, clearing MeHg+ from the bloodstream (Nigro 
and Leonzio 1996). 


In Vivo Dosing with Methyl Mercuric Chloride There have 
been a few experimental studies of Hg toxicity in marine 
mammals, several verifying demethylation and the inter- 
action with Se. For example, Freeman et al. (1975) dosed 
harp seals (Pagophilus groenlandica) with 0.25 mg/kg 
methyl mercuric chloride daily for two months and found 
substantial (70%) demethylation. In another study, when 
methyl mercuric chloride was administered to gray seals 
(Halichoerus grypus), both Hg and Se levels increased 
in the liver, but only Hg levels increased in other tissues 
(van de Ven, Koeman, and Svenson 1979). A two-staged 
excretion rate (55% with a half-life of three weeks, the bal- 
ance 500 days) was calculated for a ringed seal dosed with 
radioactively labeled MeHg+ (Tillander, Miettinen, and 
Koivisto 1972). Renal failure, uremia, toxic hepatitis, and 
death occurred in harp seals exposed daily to 25 mg/kg 
methylmercuric chloride within 20-26 days, but no obvious 
lesions occurred at 0.25 mg/kg (Holden 1978). Harp seals 
dosed with methylmercuric chloride showed a nonspecific, 
low level of structural damage to sensory cells of the organ 
of Corti, including missing or damaged stereocilia, reticular 
scars, and collapsed sensory cells (Ramprashad and Ronald 
1977). Alteration of gonadal and adrenal steroid synthesis 
was reported in harp and gray seals administered 0.25 mg/ 
kg MeHg+ (Freeman et al. 1975; Freeman and Sangalang 
1977). 


Critical Cohort Exposure Hg exposure in marine mam- 
mals begins in utero and is linked to maternal diet (Knott et 
al. 2012; Rea et al. 2013; Noél et al. 2016). The timing of expo- 
sure is important in that the fetal (due to in utero transplacen- 
tal transfer) and neonatal (due to early lactation transfer) life 
stages are likely the most vulnerable to adverse health effects 
of Hg (Reijnders 1980), as there may be limited detoxifica- 
tion and elimination processes available. The assessment of 
exposure and potential effects during these early life stages 
has been addressed (e.g., Van Hoomissen et al. 2015; Noél et 
al. 2016), where some studies suggest the use of keratinized 
tissues such as whiskers and lanugo (fetal pelage) as nonin- 
vasive matrices to evaluate exposure (e.g., Rea et al. 2013). In 
harbor seal pups, total mercury concentrations were high- 
est for hair samples (as compared to liver, kidney, muscle), 
while pelt concentrations were similar to liver and kidney 
(Brookens et al. 2008). Noél et al. (2016) found Hg concen- 
trations at levels of concern in 33% of the harbor seal pups 
examined, and these concentrations increased sharply, corre- 
sponding to midgestation to late gestation and early lactation. 
Additionally, despite the fact that Hg increases with age, Noél 
et al. (2016) observed differential percentages of MeHg+ with 
age (fetal 100%; adults <10%) as seen in other studies (O’Shea 
1999; Siebert et al. 1999; Dehn et al. 2005; Brookens, Harvey, 
and O’Hara 2007). 


Organohalogens Organohalogen (OH) compounds are 
organic compounds that contain one or more halogen(s) (flu- 
orine [F], chlorine [Cl], bromine [Br], or iodine [I]) bound to 
carbon. These compounds are numerous and are intention- 
ally (e.g., pesticides) or unintentionally (e.g., chlorination by- 
products) produced by humans (anthropogenic), while others 
occur naturally. In marine mammals, the organochlorines 
(OCs) are the most studied of the OHs; other OHs are attract- 
ing more attention as we learn about their potential toxicity 
and persistence in marine environments. Specific OH chemi- 
cals have critical characteristics that affect both exposure and 
health, including persistence (ie., lack of degradation and 
elimination in mammals and the environment), propensity 
to accumulate in some tissues (i.e., long half-lives), and tox- 
icity. OH chemicals have been studied in marine mammals 
and other biota for at least five decades (e.g., early reports 
by George and Frear 1966; Helle, Olsson, and Jensen 1976a). 
Many organohalogens, particularly certain organochlorine 
(OC) insecticides and polychlorinated biphenyls (PCBs), are 
highly lipophilic, although this is not true of all OHs. OHs 
typically reach the oceans through terrestrial runoff and 
atmospheric transport on particulate matter, and the lipo- 
philic OHs biomagnify in food webs as they are ingested 
and concentrated in the fatty tissues of organisms. In marine 
mammals, blubber is commonly sampled to investigate OH 
accumulation; however, the CNS is also lipid rich, and these 
chemicals can accumulate in this critical target organ as well. 
In some species, blubber has been documented to contain 
90-95% of the total body burden of OCs because of the mass 
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of blubber relative to the body and the relative amount of 
lipid stored in blubber (over 90% of total body lipid can be in 
blubber; Tanabe et al. 1981). 

The dynamics of OH storage in blubber are complex. 
Many marine mammals undergo major cyclic (seasonal, 
reproductive) changes in the amounts of lipid stored in blub- 
ber. These changes correlate with seasonal fasting, breeding, 
lactation, and migration. Although major lipid mobilization 
has been studied in females during reproductive cycles, it 
is important to recognize that males competing and _ hold- 
ing territory during a breeding season also experience large 
changes in body composition, due to fasting and competition. 
Age, sex, and reproductive status are strong contributors to 
variations in marine mammal OH concentrations (Aguilar, 
Borrell, and Pastor 1999). For some OHs, similar blubber 
concentrations are found in immature animals of either sex, 
but adult males often show significantly higher concentrations 
than adult females (e.g., bowhead whales; O’Hara et al. 1999; 
Hoekstra et al. 2002a). This is likely because females have 
an avenue of excretion through the transfer of organochlo- 
rines to calves during both gestation and lactation. However, 
there are numerous studies on variation in biotransforma- 
tion processes related to sex, maturation, and pregnancy sta- 
tus, showing paradoxically higher concentrations of OHs in 
females (rather than males) that may be explained by factors 
other than transplacental and transmammary mechanisms 
(Bentzen et al. 2008a; Knott et al. 2011). 

Transfer of contaminants can occur between mothers 
and offspring both during pregnancy through transplacental 
mechanisms, and following parturition via lactational trans- 
fer. Based on paired comparisons of contaminants (PCB, 
dichlorodiphenyltrichloroethane [DDT], hexachlorocyclohex- 
ane [HCH], chlordane, chlorobenzene, and polybrominated 
diphenyl ethers [PBDEs]), in ringed seal blubber samples 
from subsistence-hunted pregnant females and their fetuses, 
Brown et al. (2016) found evidence of maternal transfer of 
lower-molecular-weight PCB congeners to fetuses during 
early stages of pregnancy. Fetuses later in gestation had con- 
taminant profiles that were more similar to their mothers, 
suggesting a differential transfer of chemicals throughout 
pregnancy. This finding was supported by Greig et al. (2007) 
in their comparison of DDT and PCB concentrations in paired 
blubber samples from pregnant California sea lions (Zalophus 
californianus) and their fetuses, where mean partition ratios 
were higher for LDDTs compared to XPCBs, and higher among 
fetuses that were late-term compared to those that were prema- 
ture. The differential transfer of contaminants is likely related to 
physical characteristics, such as molecular weight, of the specific 
chemical (Desforges, Ross, and Loseto 2012). 

For some chemicals, the majority of offspring exposure 
occurs during lactation. Beckmen et al. 999) suggest that 
nursing pups/calves absorb contaminants as they digest milk. 
Lactational transfer rates of 40-50% were reported among 
common dolphins (Delphinus delphis; Borrell and Aguilar 
2005), 80% for primiparous bottlenose dolphins (Cockcroft 


et al. 1989), and 98% among gray seals (Addison and Stobo 
1993). The transfer of contaminants increases over the course 
of nursing (Debier et al. 2003; Vanden Berghe et al. 2012), 
and similar to placental transfer, extent of lactational trans- 
fer and absorption appear to differ based on contaminant 
class and the physical characteristics of the specific chemical 
(Wolkers, Lydersen, and Kovacs 2004; Haraguchi, Hisamichi, 
and Endo 2009; Borrell and Aguilar 2005). Wolkers et al. 
(2004) detected chlorination-related PCB differences in 
blubber samples from female harbor seals and their nurs- 
ing pups, suggesting that lower-chlorinated PCB compounds 
transfer more readily to pups during lactation. 

Regardless of the transfer mechanism, neonate marine 
mammals are highly susceptible to contaminant exposure 
(Desforges, Ross, and Lesoto 2012), which occurs at a devel- 
opmentally and physiologically vulnerable time (Borrell and 
Aguilar 2005). Given the endocrine disrupting potential of 
these contaminants, the negative health consequences are 
likely exacerbated in these young animals, ultimately affect- 
ing their growth and survival (Hall, McConnell, and Barker 
2001; Hall et al. 2006b). 


Polychlorinated Biphenyls (PCBs) _ Polychlorinated biphe- 
nyls (PCBs) are a group of 209 OC congeners produced by 
the industrial chlorination of biphenyls. They once had 
widespread application in industry, including use in elec- 
trical transformers, capacitors, hydraulics, heat transfer sys- 
tems, plastics, and inks. Most industrialized nations banned 
or suspended their production in the 1970s and 1980s due 
to recognition of their ubiquity as environmental contami- 
nants. Since their discovery as persistent contaminants in the 
mid-1960s, studies have revealed global exposure to PCBs 
based on blubber samples from thousands of marine mam- 
mals of various species (see O’Shea 1999). The highest con- 
centrations have been reported in males of piscivorous- and/ 
or marine mammal—-consuming species from inshore loca- 
tions, and in diseased individuals with poor body condition. 
Lower concentrations are found in nonpiscivorous species 
and females (cetaceans and pinnipeds; O’Shea and Brownell 
1994; Haynes, Muller, and McLachlan 1999; O’Hara et al. 
1999). In some marine mammals and other marine biota, PCB 
concentrations (exposure) may be showing decreasing trends 
over time (Ross et al. 2004, 2013; Law et al. 2010; Raach, 
Lebeuf, and Pelletier 2011; Nyberg et al. 2015). However, in 
some more polluted regions, the adverse effects continue to 
persist or even emerge (Ylitalo et al. 2005; Mos et al. 2010; 
also see below). 


Organochlorine Pesticides and Metabolites In addition 
to PCBs, organochlorine compounds include organochlorine 
(O©) insecticides (e.g., DDT-type compounds and chlorinated 
alicyclics) and chlorinated pesticides (e.g., dicofol, mirex, 
kepone, pentachlorophenol, aldrin, dieldrin, endrin, hep- 
tachlor, chlordane, and endosulfan). Some of the OC insec- 
ticides act as neurotoxins on target organisms. OC parent 
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compounds and biotransformed compounds (metabolites) 
can be either hydrophilic, hydrophobic, or both, depending 
on their molecular structure. Thus, the total number of parent 
OC compounds and “offspring” metabolites (some transient 
and others persistent) need to be considered when estimating 
exposure potential and potential adverse effects. For exam- 
ple, metabolites of DDT are commonly reported OC pesticide 
residues found in marine mammals and often make up the 
majority of the sum of DDT related compounds. In particu- 
lar, p,p’-DDE (2,2-bis-(p-chlorophenyD-1,1-dichloroethylene) is 
typically the most abundant metabolite, with reported tissue 
concentrations often much higher than DDT or TDE (DDD; 
dichlorodiphenyldichloroethane; 2,2-bis-(p-chlorophenyl)- 
1,1-dichloroethane). Exceptions can occur in areas with 
very recent DDT contamination or among animals with 
unusual food habits (Tanabe et al. 1994; Senthilkumar et 
al. 1999), which allow for DDT to be the predominant 
form due to a continuous exposure or limited time to 
generate metabolites. 


Effects of Organochlorines on Reproduction and Some 
Endocrine Systems The toxicity and persistence of OCs 
vary by individual congeners. PCBs (primarily adminis- 
tered as commercial mixtures) produce toxic effects Ginclud- 
ing lethality) in laboratory exposures of select species of 
mammals. Pathologic effects documented in laboratory ani- 
mals with greatest potential impacts on mammal popula- 
tions center around endocrine disruption and reproductive 
impairment, which may manifest via alteration of men- 
strual cycles, embryo absorption, abortion, stillbirths, and 
impaired growth and survival of young (reviewed in Vos et al. 
2002; see Chapter 8). 

Organochlorines have been linked to marine mammal 
reproductive disorders since the early 1970s (see Chapter 10). 
Reijnders (1986) conducted a landmark experiment to evalu- 
ate the effects of OCs on reproduction using captive harbor 
seals fed diets that differed in OC concentrations. Seals that 
ate the more contaminated fish had lower reproductive suc- 
cess, likely due to failures at implantation rather than from 
late-term failure, suggesting issues with endocrine mediation 
(Reijnders 1986). 

Ringed seals in the Baltic Sea with uterine stenosis and 
occlusions had elevated concentrations of ZEDDT in blubber 
(averaging 130 ppm lipid weight) and PCBs (110 ppm) com- 
pared to pregnant females (88 ppm sumDDT, 73 ppm PCBs; 
Helle, Olsson, and Jensen 1976a, 1976b; Bergman and Olsson 
1985). More recently, studies have associated uterine leiomyo- 
mas with PCB and DDT concentrations in Baltic gray seals 
(e.g., Bredhult et al. 2008). Some nonpregnant Baltic ringed 
seals with normal uteri did not have significantly lower OC 
concentrations than those with uterine pathology. Later stud- 
ies of gray seals in the Baltic failed to find an association 
between uterine pathology and OC contamination (Blomkvist 
et al. 1992). California sea lions aborting fetuses and produc- 
ing stillbirths also had higher concentrations of PCBs (112 


ppm wet weight) and sumDDT (824 ppm) than sea lions with 
normal births (7 ppm PCBs, 103 ppm sumDDT). However, 
these observations were potentially confounded, in that 
females with impaired reproduction are unable to excrete 
OCs via lactation, had shorter gestation periods, and were 
younger than females with normal births, and the abortion- 
inducing disease leptospirosis was present in the population 
(Addison 1989; O’Shea and Brownell 1998). 

Evidence for impaired reproduction in cetaceans is lim- 
ited and based on correlations with either OC exposures or 
tissue concentrations. For example, among 12 male Dall’s 
porpoises (Phocoenoides dalli) collected in 1984 in the North 
Pacific, Subramanian et al. (1987) observed a weak, negative 
correlation between blood concentrations of testosterone and 
blubber concentrations of DDE, but no correlation between 
PCBs and testosterone. Martineau et al. 994) and Béland 
et al. (1993) suggest that elevated organochlorines (PCBs in 
particular) have affected reproduction in belugas in the St. 
Lawrence River, as evidenced by observations of reproductive 
pathology among stranded carcasses. 

Despite limited data, OCs may be widely affecting 
reproduction and health in cetaceans globally through 
endocrine disruption (Colborn and Smolen 1996). Among 
other potential endocrine-related impacts, Bergman and 
Olsson (1985) advanced the hypothesis that OC exposure 
causes adrenocortical dysfunction in marine mammals. 
Additionally, other studies have observed skull asymme- 
try and bone lesions potentially related to organochlo- 
rine-induced hyperadrenocortical effects corresponding 
to increased pollution exposure in seals of the Baltic Sea 
(Zakharov and Yablokov 1990; Bergman, Olsson, and 
Reiland 1992). On the other hand, Kuiken et al. 1994) found 
no association between adrenal hyperplasia and concen- 
trations of OCs in harbor porpoises. Associations between 
PCB exposure and thyroid function have been investigated 
in bottlenose dolphins, with the highest concentrations of 
PCBs measured in the southeastern United States in blub- 
ber (mean XPCB of 450 mg/kg lipid weight; Kucklick et 
al. 2011; maximum 761 ug/g lipid weight; Schwacke et al. 
2011). These dolphins had significantly reduced blood con- 
centrations of total triiodothyronine and free thyroxine, 
which negatively correlated with increasing blubber PCB 
concentrations, thereby suggesting impairments in thyroid 
function for this highly exposed cohort (Schwacke et al. 
2011; see Chapter 8). 


Effects of Organochlorines on Immunocompetence 
and Epizootics Some OC compounds and other contami- 
nants have immunotoxic effects in laboratory animals, sug- 
gesting that organochlorines (particularly PCBs) may render 
marine mammals more susceptible to disease through immu- 
nosuppression (see Chapter 11). 

Field studies of potential relationships between OC expo- 
sure and effects on the immune system or disease-related mor- 
tality have not shown consistent patterns. Immunocompetence 
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and cumulative exposure to PCBs through milk were exam- 
ined in wild, nursing, gray seal pups. No significant relation- 
ships were found between PCB exposure and responses to 
challenges with morbillivirus vaccine, mitogen stimulation, or 
various other measures of health (Hall et al. 1997). Studies of 
harbor porpoises that died from infectious disease or parasit- 
ism, in comparison with those that died from trauma (primar- 
ily in fisheries) around Great Britain in 1989-1992, did not 
show statistically significant differences in blubber concentra- 
tions of OCs (25 PCB congeners and 7 pesticides or metabo- 
lites; Hall et al. 2006a). However, it is likely that the sample 
size limited the ability to partition various potential sources 
of variation (Kuiken et al. 1994). Additionally, animals that 
died of trauma were not necessarily free of infectious disease. 
In contrast, a second study of this same population (7 = 67, 
and based on samples from fresh carcasses collected from 
1990 to 1996), showed significantly higher concentrations 
of sumPCBs and of 16 of 25 PCB congeners among harbor 
porpoises that died from infectious disease. No associations 
were found between sumPCBs and other variables, such as 
sex, age, region, year, season, and nutritional status, although 
the investigators suggested that additional data amenable to 
more powerful statistical analyses would improve conclusions 
(Jepson et al. 1999). 

Epidemiological studies have investigated associations 
between epidemics and exposure to OCs. Concentrations of 
PCBs (especially coplanar congeners) in blubber of striped 
dolphins from the Mediterranean Sea that died during a mor- 
billivirus epidemic in the early 1990s were extremely high 
compared to other marine mammals, and to individuals 
biopsied in the area before and after the epidemic (Aguilar 
and Borrell 1994). Organochlorine concentrations in blub- 
ber of harbor seals that died in the 1988 phocine distemper 
virus (PDV) outbreak in Great Britain did not show signifi- 
cant differences from those that survived (Hall et al. 1992). 
Other studies have found no statistical associations between 
organochlorine concentrations in juvenile harbor seals col- 
lected before and during a PDV outbreak; nor have changes 
in susceptibility to morbillivirus challenge been noted in 
studies where PCBs were added to the diet of captive harbor 
seals (Blomkvist et al. 1992; Harder et al. 1992). Where thy- 
mulin production, important for development of T cells, was 
negatively correlated with morbillivirus titers in gray seals, 
OCs had no effect on this relationship. Similarly, there was no 
correlation between thymulin and OC concentrations in blub- 
ber of harbor seals (Kendall et al. 1992). These mixed results 
suggest that PCBs may influence susceptibility to infectious 
disease (e.g., morbillivirus); however, other hypotheses to 
explain these differences should not be dismissed (Kannan et 
al. 1993; Aguilar and Borrell 1994). 

Correlations between concentrations of certain OCs 
(DDT, p,p’DDE, 0,p’-DDE, and higher-chlorinated PCBs) and 
reduced immune responses, as measured by in vitro mitogen- 
induced proliferation responses of lymphocyte cultures, were 
noted for five free-ranging male bottlenose dolphins from 


Florida (Lahvis et al. 1995). Similarly, De Guise et al. 1998) 
demonstrated reduced proliferative responses of beluga sple- 
nocytes to concentrations of PCB 138 alone, as well as to a 
mixture of PCBs 138, 153, and 180. These same effects were not 
observed for all congeners or mixtures, illustrating complexi- 
ties in predicting impacts of contaminant mixtures. In fact, 
antagonistic properties of the mixture were among possible 
explanations when laboratory rats fed a diet of OH-containing 
lipids extracted from blubber of St. Lawrence River belugas 
showed no significant effects in multiple immune function 
assays (Lapierre et al. 1999). 

In addition to linkages between immune suppression and 
infectious disease, possible relationships between cancers 
and organochlorine exposure have been hypothesized for 
belugas in the St. Lawrence River (Martineau et al. 1994) and 
California sea lions CYlitalo et al. 2005). These associations 
may result from direct genotoxic effects, immunosuppression, 
or a combination of these effects. 

In vitro genotoxicity (micronuclei assay of DNA dam- 
age) to beluga skin fibroblast cultures treated with chlordane, 
DDT, or toxaphene have been studied. However, exposures 
were generally higher than concentrations expected to occur 
in blood of St. Lawrence River belugas, and responses were 
greatly reduced in experiments that included the presence of 
an external metabolic factor (Gauthier, Dubeau, and Rassart 
1999). Assays of genetic damage (micronuclei, sister chroma- 
tid exchange, and/or chromosome aberration assays) have 
been used to compare DNA damage in blood lymphocytes 
of Arctic belugas, bottlenose dolphins, and Atlantic gray and 
harp seals (reviewed in Vos et al. 2002). It is important to 
distinguish between in vitro assays of immune function in 
cells of whole animals experiencing different exposures, and 
direct exposure of cells to toxicants in the laboratory set- 
ting. The information gained from these different approaches 
needs to be interpreted carefully, and variability in cell type 
response and the clinical significance must be considered. 


Other Organohalogens Other biomagnifying OHs reported 
in marine mammal tissues include the fluorinated hydrocarbons, 
polybrominated biphenyls (PBBs), octachlorostyrene (OCS) 
and PBDEs. These compounds have been used as flame retar- 
dants and often occur at low concentrations, typically in low 
ppb quantities, with maxima of 1.3 ppm sumPBBs and 0.5 ppm 
OCs reported in blubber of bottlenose dolphins, and 3.0-16.3 
ppm sumPBDEs in blubber of bottlenose dolphins and long- 
finned pilot whales (Globicephala melas, Lindstrdm et al. 1999). 
Extractable organobromines, organoiodines, and OCs have 
been measured in beluga tissues, but source compounds have 
not been fully determined (Kiceniuk, Holzecher, and Chatt 
1997). Polychlorinated terphenyls (PCTs) have been reported 
at low concentrations (about 40 ppb dry weight) in livers of 
sea otters (Enhydra lutris) from California and the Aleutian 
Islands (Jarman et al. 1996), and at <1 ppm (lipid weight 
basis) in fat of gray seals from Sweden (Renberg, Sundstrém, 
and Reutergardh 1978). Modern sources are unknown, but 
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those detected in sea otters may be from atmospheric deposi- 
tions or shipyard facilities (Jarman et al. 1996), 


Population Impacts 


In addition to increased individual susceptibility to disease, 
population impacts may result from contaminant-induced 
impairment of recruitment, reproduction, and fecundity 
(Figure 15.3). 

The exposure risk for young marine mammals is twofold, 
including in utero and transmammary mechanisms, demon- 
strated by Brown et al. (2016), who quantified simultaneous 
blubber persistent organic pollutant (POP) concentrations in 
pregnant female ringed seals and their unborn offspring. Their 
findings suggested that while exposure does occur in utero, 
the contribution to the overall contaminant burden is minimal 
compared to transmammary transfer while nursing, especially 
for lipophilic contaminants. Thus, marine mammal offspring 
continue to be exposed postparturition, as demonstrated by 
a study of northern fur seal (Callorhinus ursinus) pups where 
PCB concentrations in pups born to younger, or primiparous, 
females continued to increase while nursing (Beckmen et al. 
2003). The implications of these exposures at these critical 
developmental stages are uncertain. Murphy et al. (2015) pro- 
vided evidence of potential impacts on fetal and neonatal 
survival where investigations of stranded harbor porpoises 
revealed higher-than-expected concentrations of PCBs among 
females that were evidently pregnant, suggesting they were 
unable to offload contaminants because of a failed pregnancy 
or calf mortality. Similar findings were reported from a mink 
surrogate study where kits from PCB-dosed dams experienced 
impaired growth and survival (Folland et al. 2016). 

A study of bottlenose dolphins in Sarasota Bay, Florida 
(USA), revealed significantly higher concentrations of PCBs 
among firstborn calves, compared to third- or fifth-born 
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calves. In this same population, the estimated mortality rate 
for firstborn calves during the first year of life is approxi- 
mately 50%, compared to 30% for subsequent calves (Wells 
et al. 2005). Many factors can affect fetal and calf survival, 
such as birth and weaning weights, disease, and injury, how- 
ever, the potential influence of a firstborn depuration effect, 
where the first offspring receives the brunt of accumulated 
contaminants transferred vertically from mother to young 
(Ylitalo et al. 2001; Beckmen et al. 2003), cannot be ignored. 
For example, Beckmen et al. (2003) found that northern fur 
seal pups of young or primiparous females had significantly 
higher concentrations of certain PCBs and p,p-DDE than pups 
born to older, multiparous females. Beckmen et al. (2003) also 
observed changes in biomarkers indicative of altered immune 
function for the more contaminated pups, suggesting com- 
promises to overall health and potentially survival. While the 
absolute impacts of contaminant exposure on calf survival 
and recruitment are unknown, because of the observational 
nature of these and other studies, the model constructed by 
Hall et al. (2006b) predicts that PCB-associated impacts on 
calf survival could slow population growth rates and ulti- 
mately affect abundance. On the other hand, while signifi- 
cantly deleterious to firstborn offspring, depuration could set 
the stage for successful survival of subsequent offspring. For 
instance, Ylitalo et al. (2001) observed lower concentrations 
of organochlorine contaminants in killer whale (Orcinus orca) 
calves that were not firstborn. Concentrations were correlated 
more to birth order than age, and nonfirstborn offspring had 
mean OC levels of some toxicants one order of magnitude 
lower than firstborn calves. These results suggest a situation 
where a subsequent fetus/neonate will have reduced in utero 
or lactational exposure and potentially an improved chance 
of survival. 

Recent studies of contaminants in marine mammals are 
providing evidence of increased exposure. For example, 
PBDEs in harbor seals inhabiting San Francisco Bay, California 
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Figure 15.3 Conceptual model depicting the pathways for population-level impacts resulting from toxicant exposure. 
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(USA), increased over time (She et al. 2002). This trend was 
also observed in PBDEs among ringed seals from the remote 
Canadian Arctic and corresponded with estimates of the global 
production of brominated flame retardants in more industrial- 
ized regions (konomou, Rayne, and Addison 2002). Marine 
mammal populations that inhabit developed coastal areas 
are more likely to be exposed to higher concentrations of 
anthropogenic contaminants. For example, blubber samples 
from live and stranded Burrunan dolphin (Zursiops australis) 
populations, which are restricted to urbanized embayments in 
southern Australia, had Hg concentrations higher than many 
cetacean populations across the globe, and within a range 
associated with adverse health effects (Monk et al. 2014). 
Similarly, essential and nonessential element concentrations 
measured in harbor seals inhabiting the North Baltic Sea were 
significantly higher among seals sampled from more inshore, 
populated, and industrialized areas (Kakuschke and Griesel 
2016). While urbanized areas can provide essential habitat for 
marine mammal populations (e.g., Indo-Pacific bottlenose dol- 
phins, Tursiops aduncus, in Moreton Bay, Australia; Ansmann 
et al. 2013), the additional stressors that accompany life near 
these urban centers (e.g., boat traffic, noise, habitat fragmenta- 
tion, fishing activities), as well as contaminant-induced adverse 
health effects, can compound to produce significant population- 
level impacts (.e., cumulative effects). 


Polar Bear Case Study 


Two examples from Gabrielsen et al. (2015) and Knott et al. 
(201D highlight the importance of thyroid hormone (TH) and 
the need for consideration of polar bear age and reproductive 
status when assessing the potential adverse effects of OHs 
and Hg on TH. Gabrielsen et al. (2015) demonstrated nega- 
tive relationships between concentrations of individual PCBs 
and their hydroxylated (OH-) metabolites, and T4 in both 
plasma and muscle. They also showed that PCBs, OH-PCBs 
and PBDEs were positively correlated to type 1 (DD) and type 
2 (D2) deiodinase activities, whereas OC pesticides and by- 
products (OCPs) were negatively associated with D1 and D2 
activities. Knott et al. (2011) included an assessment of Se 
and Hg (measures of these elements and biomarkers, such 
as Se-dependent enzymes) compared with PCBs relative to 
thyroid status and body condition, thus exploring the effects 
of mixtures of chemicals found in polar bear prey on TH. 
Some blood PCB concentrations were higher in both females 
(with and without cubs) and young, compared to males, and 
were significantly related to reduced body condition scores 
in those polar bears with higher levels. In addition, THs 
were greater in females (both solitary females and females 
with cubs) compared to males. The biomarkers of Se status 
and concentrations of T3 were positively related to Hg in all 
mature polar bears, whereas total thyroxine (TT4) was nega- 
tively correlated with blood PCBs in solitary females. Knott 
et al. (2011) suggested that female polar bears were more 


susceptible to changes in blood-based biomarkers of Se and 
thyroid status than males. Additionally, research is needed to 
further classify the physiologic states of polar bears and to 
identify longitudinal measures to accurately assess the bio- 
logical impact of combined toxicant exposures. Gabrielsen 
et al. (2015) concluded, “TH levels and deiodinase activities 
in target tissues can be sensitive endpoints for exposure 
of TH-disrupting compounds in arctic wildlife, and thus, 
tissue-specific responses in target organs should be fur- 
ther considered when assessing TH disruption in wildlife 
studies.” 


Chemical Plasticizers and Microplastics 


Microplastics are defined as plastic beads, fragments, or fila- 
ments, typically less than 5 mm in diameter that enter the 
marine environment via primary routes (e.g., runoff of indus- 
trial abrasives, microbeads from personal care products, et 
cetera) or secondarily from the physical and chemical break- 
down of larger plastic objects. Plastics are of increasing con- 
cern to wildlife health because of their environmental ubiquity 
and persistence, and since they are slow to degrade (Andrady 
2011). Wright et al. (2013) stated that environmental exposure 
to microplastics is dependent on particle size, density, abun- 
dance, and color, suggesting that marine organisms may be 
differentially exposed depending on predatory preferences 
(e.g., pursuing plastic particles that resemble prey items or 
consuming larger prey that have ingested such particles) or 
feeding behaviors (e.g., ingesting particles during water filtra- 
tion). Microplastics can be collected for analysis from marine 
mammal gastrointestinal tracts using a series of sieves that 
are rinsed with potassium hydroxide solution (Besseling et al. 
2015; Lusher et al. 2015), or from scat samples using mechani- 
cal washing and detergent (Bravo Rebolledo et al. 2013). 
Identification of particle type is routinely conducted using 
infrared spectroscopy (Eriksson and Burton 2003; Besseling 
et al. 2015; Lusher et al. 2015). 

Filter-feeding mysticetes can be exposed to microplas- 
tics by direct ingestion of particles (Baulch and Perry 2014), 
as demonstrated by Besseling et al. (2015) in their examina- 
tion of the gastrointestinal tract of a juvenile female hump- 
back whale (Megaptera novaeangliae). However, because of 
the small particle size, odontocetes and pinnipeds are more 
likely exposed via trophic transfer. Microplastics are also 
found in multiple trophic levels of fish (Boerger et al. 2010; 
Lusher, McHugh, and Thompson 2013), as well as scat sam- 
ples from Antarctic fur seals (Arctocephalus gazelle; Eriksson 
and Burton 2003) and Hooker’s sea lions (Phocarctos hookeri; 
McMahon, Holley, and Robinson 1999). Studies in Western 
Arctic waters have demonstrated microplastic ingestion 
by zooplankton (Desforges, Galbraith, and Ross 2015) and 
filter/deposit-feeding invertebrates such as mussels (Van 
Cauwenberghe, Claessens, and Vandegehuchte 2015), poly- 
chaete worms (Mathalon and Hill 2014), and mysid shrimp 


308 Environmental Toxicology 


(Setéla, Norkko, and Lehtiniemi 2016), each of which poses 
potential exposure routes for marine mammals feeding on 
these organisms. 

Direct ingestion of microplastics can lead to serious phys- 
ical effects such as stomach blockage and ulcerations (Wright, 
Thompson, and Galloway 2013). These particles also have the 
potential to adsorb environmental contaminants (e.g., hydro- 
phobic organic compounds; Teuten et al. 2009; Koelmans et al. 
2016) and heavy metals (Brennecke et al. 2016), thereby serv- 
ing as an additional vehicle for toxicant exposure (Koelmans 
et al. 2016). Recent studies have also implicated microplastics 
in the pathogen transmission pathway. Because plastics are 
slow to degrade, microbial communities can colonize plastic 
particles (Zettler, Mincer, and Amaral-Zettler 2013). For exam- 
ple, in a survey of plastics collected in the North and Baltic 
Seas, Kirstein et al. (2016) detected Vibrio species among 13% 
of the sampled plastic, including the pathogenic species V. 
parahaemolyticus. If plastics can serve as vehicles for patho- 
gen transmission, marine wildlife susceptibility to infectious 
diseases may increase, due to a source of continuous expo- 
sure that resists degradation. 

In addition to their affinity for hydrophobic contaminants 
and microbial organisms, microplastics are often associated 
with chemical plasticizers (e.g., phenols, phthalates), which 
are added to plastic materials to enhance or alter their struc- 
tural properties. Often, these plasticizers are not covalently 
bonded to their plastic counterparts; thus, they can leach into 
the environment (Cole et al. 2011). These chemicals are not 
bioaccumulative, and can be rapidly metabolized by the body, 
but their longer-lived metabolites can be used as indicators 
of exposure (Calafat et al. 2015), as demonstrated in phthal- 
ate metabolite studies using skin and blubber tissue from 
fin whales (Balaenoptera physalus, Fossi et al. 2014, 2016). 
Health effects associated with phthalate exposure are varied 
and likely depend on molecular structure (Hauser and Calafat 
2005). Experimental animal and human epidemiological stud- 
ies have demonstrated linkages between endocrine disrup- 
tion and improper maintenance of hormonal homeostasis 
(Meeker, Calafat, and Hauser 2007), impacts on reproductive 
potential and success (Kay, Chambers, and Foster 2013), respi- 
ratory impairment (Hauser and Calafat 2005), inflammation 
(Ferguson, Loch-Caruso, and Meeker 2011, oxidative stress 
(Ferguson, Loch-Caruso, and Meeker 2011), DNA damage 
(Hauser et al. 2007), and metabolic syndrome issues (James- 
Todd et al. 2016). Since the processes that lead to some of 
these health impacts are highly conserved in mammalian 
species, the physiological impacts of phthalate exposure to 
marine mammals are likely similar. 

Since the research on marine mammal exposure to 
microplastics and these plasticizers is newly emerging, it is 
not surprising that information on marine mammal-specific 
adverse health effects is lacking. Because these chemical plas- 
ticizers are ubiquitous, and the quantity of plastic materials in 
marine garbage continues to grow (Andrady 2011), exposure 
to these contaminants will persist for marine organisms. To 


identify marine mammal populations that may be at risk of 
negative health effects from plastic exposure, future studies 
should follow in the footsteps of Fossi et al. (2014, 2016), link- 
ing environmental microplastic concentrations with phthalate 
metabolite body burdens, thereby creating other situations 
where marine mammals act as sentinels of environmental 
contamination. 


Ecophysiologic Considerations 


The primary route of environmental contaminant and bio- 
toxin exposure for marine mammals is via trophic transfer, 
although other lesser routes exist, especially for hydrocar- 
bons (see Chapter 2). While we will not cover ecological 
drivers in detail, marine mammal specialists need to keep 
abreast of how ecophysiological processes, trophic inter- 
actions, and important abiotic principles influence marine 
mammal toxicology (e.g., transfer from environment to target 
tissues). Marine mammals have the ability to quickly biotrans- 
form (metabolize), eliminate, and tolerate exposure to high 
concentrations of some of the chemicals discussed in this 
chapter; however, once the more persistent agents (e.g., some 
PCB congeners) are incorporated into tissues, the compounds 
often linger. This results in bioaccumulation (the capacity 
to store contaminants over time) and biomagnification (an 
increased contaminant exposure associated with consump- 
tion for higher trophic organisms; Atwell, Hobson, and Welch 
1998; Hoekstra et al. 2002b). The degree of exposure to con- 
taminants among marine mammals is dependent on both 
factors, which are ultimately related to natural history and 
feeding patterns. 

In general, marine mammals with fish- or mammal-based 
diets are exposed to higher persistent contaminant concentra- 
tions, when compared to conspecifics with diets composed 
primarily of invertebrate species. Some baleen whales or sea 
otters can shift over a wide spectrum of prey species, thus 
altering contaminant exposure pathways (Eisenmann et al. 
2016). Stable isotope (C, N, and S) studies have helped under- 
stand the trophic patterns of different marine mammal species 
and determine if biomagnification has occurred. For example, 
work by Dehn et al. (2006) revealed significant differences in 
dN for beluga whales (fish diet), bowhead whales (euphau- 
sid and copepod diet), and gray whales (Eschrichtius robus- 
tus, amphipod diet). For chemicals that can be biomagnified, 
we find higher concentrations in animals at higher trophic 
levels, such as OCs (Hoekstra et al. 2002b), trace elements 
(Dehn et al. 2006), and many others. Additionally, marine 
mammals that feed at higher trophic levels tend to experience 
more variability in their contaminant exposure. These con- 
cepts were demonstrated by Atwell et al. 998), who found 
that Hg concentrations were more variable among seabirds 
and mammals that ate higher-trophic-level organisms than in 
those that ate invertebrates. Coupling stable isotopes (such as 
C, N, and S) with chemical concentrations can help evaluate 
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the trophic transfer of contaminants in marine mammals 
(Atwell, Hobson, and Welch 1998; Ramos and Gonzalez- 
Solis 2012), especially when paired with fatty acid analyses 
used for killer whales (Krahn et al. 2007) or polar bears 
(McKinney et al. 2013). Atwell et al. (998) demonstrated the 
biomagnification of Hg among marine vertebrates in which 
Hg concentrations were significantly correlated with increas- 
ing trophic levels of the food web. Bioaccumulation can be 
affected by the chemical properties of contaminant com- 
pounds (e.g., lipophilicity), as well as species differences in 
metabolic (biotransformation) activity or contaminant stor- 
age (e.g., polar bears can metabolize OC pesticides more 
effectively than other species, Bentzen et al. 2008b), while 
biomagnification can depend on prey preference (e., trophic 
level). 

Just as marine mammals can be sentinels of environ- 
mental contamination, tissue contaminant concentrations can 
actually be indicative of trophic status, prey preference, and 
feeding ecology (Ramos and Gonzalez-Solis 2012). Variation 
in contaminant concentrations among individuals in a popu- 
lation is uncommon for species with specialized feeding hab- 
its, due to their restricted diets (e.g., some Antarctic minke 
whales, Balaenoptera bonaerensi,; Kunito et al. 2002). For 
example, trace element analyses of skin and liver samples 
from some Antarctic minke whales demonstrated concentra- 
tions of Hg and Cd characteristic of their common prey spe- 
cies (i.e., krill, which were different relative to other marine 
mammal species with more varied diets (Kunito et al. 2002). 
However, generalizations across species should be done 
with caution, since some Northwestern Pacific minke whales 
(Balaenoptera acutorostrata) are known to shift between pre- 
dominately fish to predominately invertebrate diets (Tamura 
and Fujise 2002), thus altering exposure to contaminants. 
Despite the fact that animals with restricted diets may have 
consistent overall toxicant patterns related to the types of 
prey consumed, relative chemical concentrations may vary 
due to factors related to prey availability. For example, despite 
the signature Hg and Cd markers of a krill diet, Kunito et al. 
(2002) found interannual and geographic differences in other 
trace metals suggestive of variable feeding habits between 
years or geographic areas that could be linked with food 
availability. 

For generalists that select from a more diverse menu, 
toxicant exposure can be more variable among individuals 
and stocks, and influenced by prey type, seasonal variation 
in prey abundance or availability, and/or geographic location 
(Hobbs et al. 2003; Krahn et al. 2007; Bentzen et al. 2008b; 
McKinney et al. 2013). For example, in a long-term study of 
POP concentrations among East Greenland polar bear adi- 
pose tissue samples, McKinney et al. (2013) found tempo- 
ral differences in tissue concentrations reflective of changes 
in the consumption of certain seal species. In addition to 
influences on exposure to general contaminant classes, con- 
centrations of different contaminant types (e.g., PCB con- 
geners, contaminant ratios) can vary within and between 


populations, depending on prey consumption (e.g., PCBs and 
DDTs in resident and transient Alaska killer whales; Krahn 
et al. 2007). Because marine mammal contaminant exposure 
is critically dependent on their trophic ecology, these foraging 
differences can result in highly exposed cohorts relative to 
other groups within the same population. 


Marine Mammals as “Hazmat” 


If chemicals are shed or excreted (eliminated) with hair, skin, 
urine, and feces Gncluding carcass decomposition and scav- 
enging), they can serve as an exposure route for other organ- 
isms. For example, water sampled near northern elephant 
seal (Mirounga angustirostris) rookeries during the molting 
season had significantly higher concentrations of MeHg+ than 
the same site during the breeding season or other sites not 
populated by seals (Cossaboon, Ganguli, and Flegal 2015). 
As many marine mammals move over great distances and 
between various ecosystems, biotransport of contaminants 
can be significant. Stranded marine mammal carcasses can 
serve as exposure vehicles for terrestrial and marine scaven- 
gers (e.g., coastal California condors, Gymnogyps california- 
nus; Kurle et al. 2016), while commonly consumed tissues 
(e.g., liver, maktak, blubber, muscle) can be an exposure 
source for humans. Furthermore, recent studies of underwater 
communities that inhabit sunken carcasses (i.e., “whale fall”) 
have discovered new and extant species that feed, sometimes 
exclusively, on the potentially contaminant-rich decaying tis- 
sue (Smith and Baco 2003). As a result, it seems reasonable 
that these whale fall communities may become benthic recy- 
cling centers for bioaccumulated toxicants; the impacts of this 
recycling on continued contaminant transfer are still largely 
unknown. 


One Health and Population 
Implications 


The One Health concept, where human, animal, and environ- 
mental health are completely integrated (often referred to as 
inextricably linked), requires a “systems thinking” approach 
for research and management, to ensure the conservation and 
protection of wildlife (animal, ecosystem (environmental), 
and human health. We continue to quantify toxicants, bio- 
toxins, and associated metabolites in marine mammal tissues 
and prey/forage, use observational approaches to link adverse 
health effects with quantities measured in exposed individu- 
als, and identify new techniques to understand the biological 
mechanisms of toxicity Gincluding resilience and tolerance). 
More recently, marine mammal science, including toxicology, 
has realized the advantage of using marine mammal toxicol- 
ogy data and information to understand environmental health 
and potential hazards to human users of marine and coastal 
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ecosystems. This reaches into estuarine and riparian systems 
where “marine” mammals face some of their most critical 
conservation issues (e.g., river dolphins [Platanistoidea] are 
highly endangered in some regions). 

Increasingly, marine mammals are considered important 
sentinels of their coastal ecosystems. This sentinel capacity 
is exemplified by studies of contaminants in harbor seals in 
which small-scale geographic differences in concentrations of 
toxic elements (e.g., Hg and selenium; McHuron et al. 2014; 
Kakuschke and Griesel 2016) and PCBs (Greig et al. 2011) 
have been quantified in samples of hair, blood, and/or blub- 
ber. These and other pinniped studies have revealed relatively 
localized areas of contamination, as well as congener pro- 
file similarities to humans inhabiting the same region (ie., 
PBDEs in San Francisco Bay; She et al. 2002). Studies of bot- 
tlenose dolphins sampled near an Environmental Protection 
Agency (USEPA) Superfund site have helped to clarify poten- 
tial adverse health effects resulting from PCB exposure, such 
as impairments in thyroid and immune function (Schwacke 
et al. 2011; see Chapters 8 and 11). Fine-scale geographic 
differences in exposure were observed, as well as some of 
the highest concentrations of PCBs reported for marine mam- 
mals, an especially important finding in a region where local 
communities rely heavily on local seafood (Balmer et al. 2011; 
Kucklick et al. 2011). Similarly, Reif et al. (2015) spent years 
studying total Hg in bottlenose dolphins from the Indian River 
Lagoon, Florida, in an effort to examine geographic stratifica- 
tion among dolphins resident to different parts of the lagoon, 
and to understand more clearly the associations and impair- 
ments in immune and endocrine function. Because of the 
high concentrations observed among dolphins in their study, 
Reif et al. (2015) were motivated to measure total Hg in coastal 
human populations, where they found that 50% of their sam- 
ples exceeded USEPA guidelines, and mean concentrations 
were higher than other coastal populations. Furthermore, total 
Hg concentrations correlated with seafood consumption, pro- 
viding critical information on potential exposure sources and 
routes for control and prevention of additional exposure. 

Although many mysticetes consume invertebrates and 
are therefore exposed to lower concentrations of some bio- 
accumulative chemicals than odontocetes, several studies 
have illustrated the utility of using baleen whales to examine 
geographic differences in contaminant and toxin exposure 
related to feeding habits (Weisbrod et al. 2000). 

Epidemiologic and laboratory studies have attempted to 
enhance the understanding of health impacts following expo- 
sure to the various chemicals discussed in this chapter. These 
studies have implicated the potential for immune suppres- 
sion, reproductive impairment, and endocrine dysfunction. It 
is imperative to understand potential health effects for indi- 
viduals exposed to various concentrations; however, these 
negative health effects have the potential to incur long-lasting 
impacts at population (stock) levels that could extend even 
more broadly, if one considers concepts such as commu- 
nity, keystone species, and niche. For example, toxicological 


impacts on the immune system have serious implications for 
the spread and propagation of infectious disease. Sublethal 
impacts on the immune, reproductive, or other systems can 
have significant outcomes at the population level where resil- 
ience may be minimal or lacking. 


Conclusions: Hysteria vs. 
Association vs. Cause-Effect 


In this chapter, we introduce toxicants that we consider to 
be of concern to marine mammals, because of their expo- 
sure potential (i.e., chemicals that can persist for long periods 
in the environment or new chemicals introduced by coastal 
development) and because of their potential to incur adverse 
health effects. Because most of these considerations are 
based on observational or correlational studies, it is important 
to recognize that this inherently inhibits the ability to estab- 
lish casual linkages to an exposure source or outcome. We 
have mentioned throughout the chapter that much of what 
we know about marine mammal toxicology relies on what 
we have observed in marine mammal tissues, during marine 
mammal health assessments, or measured in their prey or 
surrounding habitats. The “forensic ecotoxicology” guidelines 
by Collier (2003) are a tool for interpreting the findings from 
previous studies, and for assisting with design of future stud- 
ies that will ultimately enhance our understanding of marine 
mammal toxicology and resultant health effects. 
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Introduction 


Harmful algal blooms (HABs) can occur in marine, estuarine, 
and freshwater habitats. By definition, HABs comprise a high 
biomass of algal cells that can discolor the water (based on 
the properties of their colored pigments). HABs can produce 
secondary metabolites, lethal or sublethal toxins, and bio- 
active compounds. More often recognized, surface or sub- 
surface planktonic toxic blooms are one manifestation of 
harmful algae, but other species in the benthic or demersal 
community can also produce toxins. These biogenic toxins 
can remain intracellular or extracellular (either secreted or 
released from algal cells upon death) and can be transferred 
via the water or biota and incorporated into the marine mam- 
mal food web (Landsberg 2002; Landsberg, Lefebvre, and 
Flewelling 2014). 

Over the last decade, many algal species have emerged as 
potential risk factors for marine mammals (Fire and Van Dolah 
2012; Landsberg, Lefebvre, and Flewelling 2014). Although 
there are thousands of species of algae, globally, there are only 
an estimated 200 HAB species amongst the prokaryotic cyano- 
bacteria and the eukaryotic dinoflagellates, diatoms, raphido- 
phytes, and haptophytes (Landsberg, Lefebvre, and Flewelling 
2014). The major and minor species and toxins affecting marine 
mammals are shown in Table 16.1. 


Biotoxins 


HAB toxins are usually either neurotoxins or hepatotoxins, 
but they can have other whole animal, organ, tissue, or cel- 
lular effects. Lipophilic (brevetoxins) and water-soluble toxins 
(saxitoxins, domoic acid, microcystins, and nodularins) are 
transferred through the food web and can be neurotoxic or 
hepatotoxic at multiple trophic levels. In most cases, exposure 
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Table 16.1. Major, Minor, or Emerging Biotoxins that Pose a Risk 

to Marine Mammals 

Toxins HAB Species Group 
Major 


Brevetoxins Karenia brevis Dinoflagellate 


Domoic acid Pseudo-nitzschia spp. Diatom 
Saxitoxins Alexandrium spp., Dinoflagellate 
Pyrodinium bahamense 
Microcystins Microcystis spp.., Cyanobacteria 
Dolichospermum spp., 
Planktothrix spp. 


Minor/Emerging 


Okadaic acid Prorocentrum/Dinophysis Dinoflagellate 
spp. 
Ciguatoxins Gambierdiscus spp. Dinoflagellate 
B-Methylamino- Multiple species Cyanobacteria, 
L-alanine dinoflagellates, 
(BMAA) diatoms 
Nodularin Nodularia spumigena Cyanobacteria 


is by ingestion, but some toxins can be inhaled or are poten- 
tially dermatotoxic (Landsberg, Lefebvre, and Flewelling 
2014). The potential success of the rescue and rehabilitation 
of marine mammals therefore depends upon whether animals 
are exposed to bioaccumulating toxins or rapidly cleared tox- 
ins, and the likelihood of recovery of the animal will vary in 
relation to toxin dose and toxicokinetics. 


Brevetoxin 


Brevetoxins (PbTxs) are polyether toxins that bind to site 
5 on voltage-sensitive sodium channels, causing the chan- 
nels to open at normal resting potential, stay open for lon- 
ger than normal, and then prevent inactivation (Poli, Mende, 
and Baden 1986). Human consumption of shellfish that have 
accumulated PbTxs results in neurotoxic shellfish poisoning 
(NSP), with symptoms including gastrointestinal disturbances 
and neurological tingling, numbness, paresthesia, and hot/ 
cold temperature reversal sensation (Baden, Fleming, and 
Bean 1995). PbTxs in the fragile Karenia brevis are released 
upon cell lysis and can be aerosolized in the surf zone, by 
waves, or by wind, and present a risk of exposure by inhala- 
tion (Pierce 1986). 


Saxitoxin 


Saxitoxins (STXs, or paralytic shellfish toxins) are potent, 
highly lethal water-soluble tetrahydropurine neurotoxins that 
bind to site 1 on the voltage-dependent sodium channel, 
block the influx of sodium into excitable cells, and restrict 
signal transmission between neurons (Strichartz et al. 1986). 
Symptoms of STX poisoning (either from paralytic shellfish 
poisoning [PSP] or saxitoxin puffer fish poisoning; Landsberg 
et al. 2006) are paresthesia and numbness around the lips, 


mouth, face, and neck; muscular weakness; a sensation of 
floating; ataxia, motor incoordination; drowsiness; incoher- 
ence; progressively decreasing ventilatory efficiency; and, 
in high doses, respiratory paralysis and death (Catterall and 
Gainer 1985; Kao 1993). Unlike PbTxs that can bioaccumulate, 
recent in vitro work has shown that saxitoxins alter harbor 
seal (Phoca vitulina) lymphocyte function and invasion by 
morbilliviruses (Bogolmini et al. 2016). STXs are cleared rap- 
idly from the blood in humans and (likely in) marine mam- 
mals (Gessner, Middaugh, and Doucette 1997). 


Domoic Acid 


Domoic acid (DA) is a water-soluble tricarboxylic amino acid 
and a potent excitatory neurotoxin that mimics the neurotrans- 
mitter glutamate (Wright et al. 1989). Following an outbreak 
of shellfish poisoning in Prince Edward Island in 1987, it was 
recognized that DA causes amnesic shellfish poisoning (ASP) 
in humans (Perl et al. 1990). By targeting and activating glu- 
tamate receptors, particularly in the brain, DA can cause a 
suite of acute neurological and gastrointestinal sequelae that 
include nausea, vomiting, diarrhea, dizziness, headache, 
confusion, disorientation, seizures, lethargy, and in extreme 
cases, coma and permanent short-term memory loss (Perl et 
al. 1990; Wright et al. 1989). 


OKadaic Acid 


Okadaic acid (OA) and the related dinophysistoxins (DTX) 
are potent protein phosphatase inhibitors and tumor promot- 
ers (Fujiki et al. 1988). OA and DTX can cause diarrhetic shell- 
fish poisoning (DSP) in humans, where symptoms include 
gastrointestinal distress, diarrhea, nausea, and vomiting. OA 
causes diarrhea by stimulating the phosphorylation of pro- 
teins that control sodium secretion by intestinal cells or by 
enhancing phosphorylation of the cytoskeletal or junctional 
elements that regulate permeability to solutes, thereby result- 
ing in a passive loss of fluids (Aune and Yundestad 1993). 


Microcystins 


Usually found in freshwater, microcystins (MC) are low- 
molecular-weight peptides with more than 90 known con- 
geners (Dawson 1998; Pearson et al. 2010). Microcystins are 
hepatotoxins, causing cytoskeletal damage, necrosis, and 
pooling of blood (Hooser et al. 1989). Signs of microcystin 
intoxication include diarrhea, vomiting, piloerection, weak- 
ness, and pallor (Bell and Codd 1994). Microcystins mediate 
their toxicity by uptake into liver hepatocytes via multispecific 
bile acid transport systems; by inhibition of serine/threonine 
protein phosphatases 1 and 2A; by depolymerization of cell 
intermediate filaments and microfilaments; and by disruption 
of the liver cytoskeleton; all of which lead to loss of cell mor- 
phology, loss of cell-to-cell adhesion, and cellular necrosis. At 
acutely toxic doses, microcystins cause rounding or shrinkage 
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of the hepatocytes, loss of normal hepatocyte structure, and 
massive hepatic hemorrhage, often followed by animal death 
from hypovolemic shock or hepatic insufficiency (Falconer et 
al. 1981; Sivonen 1996; Dawson 1998). 


Epizootiology 


The two major toxins that have caused the most marine mam- 
mal mortalities in North America are the PbTxs (produced 
by the Florida red tide dinoflagellate K. brevis; Landsberg, 
Flewelling, and Naar 2009) and DA (produced by multiple 
species of the diatom Pseudo-nitzschia, Bejarano et al. 2008). 
Karenia brevis red tides mostly occur in the Gulf of Mexico, 
and occasionally on the Atlantic side of the eastern seaboard 
of the United States, while the main hot spot for toxic Pseudo- 
nitzschia spp. blooms is the west coast of the United States, 
primarily California. 

Mass mortalities from these two toxins escalated in the 
mid-1990s and now are almost annual events (Bossart et al. 
1998; Scholin et al. 2000; Bejarano et al. 2008; Landsberg, 
Flewelling, and Naar 2009), killing thousands of marine 
mammals. PbTxs have mostly been responsible for the 
deaths of manatees (Manatus ldtirostris latirostris) and 
bottlenose dolphins (Tursiops truncatus; Bossart et al. 
1998; Flewelling et al. 2005; Landsberg et al. 2014; Fire et 
al. 2015). 

DA has caused the death and debilitation of thousands 
of California sea lions (Zalophus californianus) since first 
conclusively diagnosed in 1998 (Lefebvre et al. 1999; Gulland 
2000; Scholin et al. 2000). In 2002, over 2,200 marine mam- 
mals involving 13 species stranded during April-June during 
a Pseudo-nitzschia bloom, including short-beaked common 
dolphins (Delphinus delphis), bottlenose dolphins, and gray 
whales (Eschrichtius robustus), with DA suspected as the pri- 
mary causative factor (Torres de la Riva et al. 2009). 

In 1987, water-soluble STXs (from the dinoflagellate 
Alexandrium sp.) caused the mortality of 14 humpback 
whales Wegaptera novaeangeliae) with toxins vectored by 
toxic Atlantic mackerel (Scomber scombrus) prey in New 
England (Geraci et al. 1989). In the same year, 60 sea otters 
(Enhydra lutris) in Kodiak Island, Alaska, were suspected to 
have died from STX exposure, but carcasses were too decom- 
posed to determine cause of death. At the same time, two 
people became sick from PSP after consuming toxic mussels, 
Mytilus edulis (DeGange and Vacca 1989). 

Traditionally, the risk of HAB exposure to marine mam- 
mals was considered to be only from marine toxins, but in 
2007, a mortality of 11 sea otters in Monterey Bay, California, 
demonstrated unequivocally for the first time that toxins from 
freshwater can be transferred into coastal systems, and they 
can accumulate at levels lethal to marine mammals (Miller et 
al, 2010). Sea otters were exposed to the hepatotoxic micro- 
cystins originating in a freshwater lake (Pinto Lake) and were 
transferred downstream into the shellfish food diet. 


In addition to acute mass mortalities, in some areas (such 
as the eastern Gulf of Mexico and California), marine mam- 
mals are also chronically or sublethally exposed to HAB tox- 
ins (Fire et al. 2007; Goldstein et al. 2008). In most cases, 
exposure is through ingestion via the food web, and the trans- 
fer of toxins in prey (primarily fish or diverse invertebrates) 
to carnivorous marine mammals (e.g., bottlenose dolphins, 
sea otters, sea lions; Lefebvre et al. 1999; Fire et al. 2008), or 
associated toxic filter-feeding epibiota attached to seagrass 
for herbivorous (foraging) manatees (Flewelling et al. 2005). 

Marine mammals may also be synergistically exposed 
to multiple toxins (as well as contaminants) and other envi- 
ronmental stressors, but the repercussions on their health 
are not well understood. For example, in the winter—spring 
of 2008, OA was detected in bottlenose dolphins in Texas 
coastal waters, concurrent with an unusual mortality event, 
a bloom of Dinophysis ovum, and shellfish bed closures 
due to OA presence (Deeds et al. 2010; Fire et al. 2011). 
Although OA concentrations were low, positive identi- 
fication suggested that this could be a potential toxin of 
concern for marine mammal health, and OA was found 
together with low concentrations of DA and PbTxs (Fire et 
al. 2011). OA has also been detected at background con- 
centrations in manatees; in these cases, exposure may have 
been via ingested seagrasses that served as substrates for 
epiphytic OA-producing Prorocentrum (Capper, Flewelling, 
and Arthur 2013). The co-occurrence of DA and PbTx has 
also been found in bottlenose dolphins along the coast of 
Florida (Twiner et al. 2011). Similarly, STXs and DA have 
been detected at background levels in North Atlantic right 
whales (Eubalaena glacialis) in the western North Atlantic, 
where Alexandrium and Pseudo-nitzschia spp. are present 
respectively, but have not been implicated in mortalities of 
this species (Doucette et al. 2012). Similarly, both DA and 
STX have been found in humpback whale, bowhead whale 
(Balaena mysticetus), ringed seal (Phoca hispida), bearded 
seal (Erignathus barbatus), Pacific walrus (Odobenus rosma- 
rus), and northern sea otter in Alaska (Lefebvre et al. 2016), 
but effects on these animals are unclear. 

Tropical neurotoxic ciguatoxins were suspected in the 
deaths of two endangered Hawaiian monk seals (Monachus 
schauinslandi) in Hawaii. Retrospective analysis of archive 
tissues confirmed ciguatoxins. Blood monitoring analysis of 
55 live healthy animals showed detectable ciguatoxins in 19% 
of seals, indicating that these animals are exposed to these 
toxins and could be at risk (Bottein Dechraoui et al. 201D. 

B-methylamino-L-alanine (BMAA) is a water-soluble non- 
protein amino acid that in the last decade has emerged as 
a bioactive compound of possible concern (Cox et al. 2005, 
2016). BMAA has been implicated in Alzheimer’s and other 
neurodegenerative diseases in humans exposed via the food 
chain from toxic algal sources. BMAA has been detected in 
a range of marine biota, and questions have been raised as 
to whether marine mammals could potentially be exposed 
(Brand et al. 2010). 


322 Harmful Algae and Biotoxins 


With the advent of climate change, there is also an 
increased risk of HABs spreading into areas where they were 
formerly absent. For example, in a 2004-2013 survey of toxins 
in arctic and subarctic marine mammals, it was determined 
that DA was present in at least 13 species of marine mam- 
mals, and STX in 10 species in waters surrounding Alaska 
(Lefebvre et al. 2016). 


Clinical Presentations 


Marine mammals affected by biotoxins may present with 
a variety of symptoms, with the most obvious being neu- 
rologic. The specific signs exhibited will vary somewhat, 
depending on the biotoxin and taxa involved, but biotoxi- 
cosis should be considered as a differential diagnosis when 
marine mammals present with neurological symptoms in 
the absence of head trauma. The most common neurologic 
signs include seizures, disorientation, ataxia or inability to 
maintain position at the water surface, and facial or whole 
body twitching. Additionally, for those biotoxins that are 
inhaled, increased respiratory rate or dyspnea may occur, 
particularly in manatees. Specific clinical symptoms asso- 
ciated with the most common biotoxins are highlighted 
below. 

DA has had documented effects on the health of pin- 
nipeds, cetaceans, and sea otters. The most widely studied 
animals impacted by DA are California sea lions, but intoxi- 
cation has also been noted in northern fur seals (Callorhinus 
ursinus), harbor seals, and sea otters (Gulland et al. 2002; 
Kreuder et al. 2003; Lefebvre et al. 2010; McHuron, Greig, 
and Colegrove 2013). Clinical signs of acute DA intoxication 
in pinnipeds include disorientation, seizures, ataxia, head- 
weaving, scratching behavior, cardiac abnormalities, and 
spontaneous abortions (Gulland et al. 2002; Brodie et al. 
2006; Lefebvre et al. 2010; McHuron, Greig, and Colegrove 
2013). DA can be transferred in utero and in milk, affect- 
ing the fetus and newborn pups (Ramsdell and Zabka 2008; 
Rust et al. 2014). Clinical findings in chronic DA intoxication 
in California sea lions include chronic neurological disease, 
including seizures, periods of marked lethargy and inap- 
petence, vomiting, muscular twitching, central blindness, 
blepharospasm, and abnormal behavior (Goldstein et al. 
2008; Thomas et al. 2010; Wittmaak et al. 2015). Additional 
diagnostic findings included abnormal EEGs with numerous 
epileptiform discharges, abnormal MRIs, and impairment in 
short- and long-term spatial memory (Goldstein et al. 2008; 
Cook et al. 2015). 

Cetaceans are also affected by DA intoxication (Torres de 
la Riva et al. 2009; Fire et al. 2010; Danil pers. comm.), with 
common clinical signs including seizures and incoordination, 
leading to death. Few, if any, cetaceans with DA intoxica- 
tion strand live, or live more than 24 hours after stranding; 
this may be due to cetaceans being conscious breathers, 
with the neurologic deficits caused by HAB toxins leading to 


asphyxiation. Sea otters with DA intoxication exhibit neuro- 
logical clinical signs, ranging from muscle tremors to seizures, 
and similar signs may be seen in sea otters exposed to micro- 
cystins (Murray pers. comm.). 

PbTx intoxication has been documented mostly in 
the Gulf of Mexico and along the Atlantic coast of the 
United States in cetaceans and manatees (Flewelling et al. 
2005; Landsberg, Flewelling, and Naar 2009). Clinical signs 
generally involve the respiratory or neurological system, 
depending upon route of exposure. In cetaceans, clini- 
cal signs include stranding, seizures, and incoordination, 
leading to death. Few, if any, cetaceans with PbTx intoxi- 
cation live more than 24 hours after stranding. In vitro 
studies have demonstrated immunomodulatory effects of 
brevetoxin on lymphocyte function (Gebhard et al. 2015). 
In manatees, clinical signs include seizures, disorientation, 
ataxia, or inability to maintain position at the water sur- 
face; facial or whole body twitching; and increased respi- 
ratory rate and/or dyspnea (Ball et al. 2014; Walsh and de 
Wit 2015). 


Diagnosis 


Detection of HAB toxins and confirmation that they have an 
acute role in the mortality of a marine mammal may require 
a combination of epidemiological and analytical data, or a 
“weight of evidence” approach: such as when exposure 
occurs directly during a HAB event and a visibly obvious 
surface or subsurface bloom is present, and often with ongo- 
ing biota kills, detection of the bloom enhances diagnosis. 
Some blooms could be detectable by remote sensing (Stumpf 
and Tomlinson 2005) and confirmed by high algal cell counts 
or the presence of known toxins in the water (and potentially 
in biota or sediments, Hallegraeff, Anderson, and Cembella 
2003). However, cryptic blooms, benthic blooms, low cell 
or toxin concentrations, or presence in the biota can still 
mean that exposure could be continuing in the food web 
where toxins are vectored through marine mammal prey, 
or when lag effects occur postbloom (Landsberg, Flewelling, 
and Naar 2009). Weight of evidence for toxin exposure ide- 
ally requires environmental confirmation of a bloom, high 
cell concentrations and toxins; presence of toxins in vec- 
tored prey; presence of cells, toxins, or toxic dietary items in 
marine mammal stomach and gastrointestinal (GD contents; 
and toxin confirmation in tissues. However, not all events 
have these extensive data, and many may be considered sus- 
pect HAB events if at least some of the above-mentioned 
criteria are present. 

Ideally, animals should be sampled as soon as possible 
after signs of intoxication are observed, but some data can be 
obtained from more decomposed tissues where stable toxins 
might still be detectable. Tissues, fluids, and stomach and GI 
contents can all provide data on toxin concentrations, but 
detection of toxin concentrations will vary dependent upon 
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the solubility of toxin in water or lipid. In general, water- 
soluble toxins have shorter half-lives («24 hours) in blood 
and urine than lipid-soluble toxins (1-2 days). Some breve- 
toxins can be detected for several days in tissues such as 
liver or kidney, and up to a week in feces, whereas domoic 
acid is cleared from blood within hours (Landsberg 2002). 
Generally, the timing of exposure is unknown in stranded 
animals, so toxin concentrations can range from very high to 
near background levels, depending upon how many days it 
took the animal to strand. A minimum sample set of samples 
from dead animals should include urine, feces, GI contents, 
liver, and kidney; however, archiving of additional tissues is 
recommended, including blood, bile, lung, and brain. Ideal 
samples for initial diagnosis of exposure to biotoxins in live 
animals are blood (or plasma or serum), urine, stomach con- 
tents, and feces. Samples that generate the lowest amount of 
matrix interference are clear fluids such as serum or plasma 
and urine. 

All samples collected for algal toxin analysis should be 
frozen at a minimum of —4°F (-20°C) for short-term storage 
and —112°F (-80°C) for long-term archiving. Samples can be 
stored in cryovials or small Whirl-Pak bags with a minimum 
of 1-2 ml of fluid or 5 g of tissue collected per sample type. 
Whole blood can be collected on blood collection cards 
according to Maucher et al. (2007), dried for 24-48 hours, and 
then frozen at —4°F (-20°C). 

Detection methods for cells and toxins in water can 
be via light or electron microscopy and various analytical 
methods (e.g., cytotoxicity assays, receptor binding assays 
[RBA], enzyme-linked immunosorbent assays [ELISA], 
radioimmunoassays [RIA], high-performance liquid chro- 
matography [HPLC], and liquid chromatography with mass 
spectrometry [LC-MS]; Hallegraeff, Anderson, and Cembella 
2003; Food and Agriculture Organization of the United 
Nations (FAO) 2004). Because of the risk of the above- 
mentioned toxins to human health from seafood poisoning 
incidents, analytical methods have primarily been devel- 
oped to address the major toxins of concern (Visciano et 
al. 2016). For confirmation of toxins in marine mammal tis- 
sues, the same methods can be used as for toxins in water 
(with different matrix treatments); the most commonly 
used methods are ELISA and RBA for quick screening of 
animal tissues. Table 16.2 presents toxin concentrations 
commonly found in marine mammals that were measured 
by ELISA or LC-MS. 

Additionally, immunohistochemistry (HC) can be used 
for detection of toxins in formalin-fixed tissues; this method 
has advantages in cases where extraction of toxins from tis- 
sues is challenging due to covalent binding (e.g., microcys- 
tins), and underestimates of toxin concentrations are likely. 
Parallel observations of toxin distribution in tissues (visu- 
alized by IHC), aligned with an evaluation of pathological 
features as determined by routine histology staining (e.g., 
hematoxylin and eosin), are recommended if there are 
chronic toxin exposure situations, synergistic or secondary 


effects, or uncertainties about toxin presence below limits 
of detection using traditional analytical methods. The advan- 
tages and disadvantages of the different methods have been 
reviewed (Hallegraeff, Anderson, and Cembella 2003; FAO 
2004; Rossini 2014; Turner et al. 2015). 


Diagnosis of Domoic Acid Toxicosis 


Diagnosis of acute exposure depends on detection of DA 
in serum, urine, or feces of affected animals, coupled with 
detection of Pseudo-nitzschia spp. in the environment and 
prey of affected sea lions. Because DA is water soluble 
and rapidly excreted in urine following ingestion, urine is 
the most useful fluid for diagnostic purposes. DA may be 
retained in the amniotic fluid of pregnant females for an 
extended period of time. Eosinophilia is a consistent find- 
ing on standard complete blood count analysis, and cortisol 
levels are decreased in sea lions with both acute and chronic 
DA exposure (Gulland et al. 2002, 2012). MRI is used to diag- 
nose hippocampal atrophy secondary to chronic DA expo- 
sure. Recent proteomic studies of serum and cerebrospinal 
fluid from sea lions with chronic exposure found alterations 
in levels of certain proteins that may be useful diagnostic 
tools (Neely et al. 2015a, 2015b). Antibody to DA has been 
detected in chronically exposed sea lions and may be useful 
in identifying previous exposure (Lefebvre et al. 2012). DA 
intoxication causes hippocampal atrophy or neuronal necro- 
sis in various pinniped species and degenerative cardiomy- 
opathy in California sea lions and sea otters, which can be 
diagnosed using histopathology and advanced imaging tech- 
niques in live animals (Gulland et al. 2002; Kreuder et al. 
2005; Zabka et al. 2009). Limited (to no) pathologic lesions 
have been detected in stranded cetaceans associated with 
DA or PbTx (Twiner et al. 2012). 


Diagnosis of Brevetoxicosis 


For manatees exposed to PbTx, clinicopathologic abnor- 
malities include heterophilic and eosinophilic leukocyto- 
sis, hemoconcentration, electrolyte abnormalities, immune 
changes, as well as other findings (Ball et al. 2014; Walsh 
et al. 2015). Necropsy findings in manatees exposed to 
PbTx can include congestion of nasopharynx, airways, and 
meninges; hemorrhage in the liver, kidney, and lungs; and 
variably, intestinal hemorrhage (Bossart et al. 1998; Ball et 
al. 2014). 


Diagnosis of Cyanotoxin Exposure 


Sea otters exposed to cyanotoxins can have gross necropsy 
and histopathologic lesions, consisting of diffuse icterus of 
oral mucous membranes and cartilaginous structures; swol- 
len and hemorrhagic liver characterized by cytoplasmic vacu- 
olation, necrosis, or apoptosis; and parenchymal hemorrhage 
(Miller et al. 2010). 
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Table 16.2 Range of HAB Toxin Concentrations Detected in Live and Dead Stranded Marine Mammals 


Sample Type Live Strandings 
Species HAB Toxin Feces (ng/g) Urine (ng/ml) Occur? Reference 
California sea lion Domoic acid 1,000-134,178 5-19,340 Yes Brodie et al. 2006 
Goldstein et al. 2008 
Rust et al. 2014 
Harbor seal Domoic acid 2-2 ,887 0.4-12 Yes McHuron et al. 2013 
Northern fur seal Domoic acid 3—18,600 1-2,784 Yes Lefebvre et al. 2010 
Cetaceans Domoic acid 7.9-258,670 1-2,930 Rare Fire et al. 2010 
Danil unpubl. data 
Stomach Liver (ng/g) 
contents (ng/g) 
Bottlenose dolphin Brevetoxin 174-6,235 37-278 No Flewelling et al. 2005 
Flewelling 2008 
Fire et al. 2008, 2015 
Twiner et al. 2012 
Manatee Brevetoxin 7-1,173 7-304 Yes Flewelling 2008 
Fire et al. 2015 
Sea otter Microcystin ND 1-338 Rare Miller et al. 2010 


Treatment and Prognosis 


Treatment of marine mammals with biotoxicosis has focused 
primarily on symptomatic treatment and control of seizures, 
if present (see Chapters 40-45). In general, subcutaneous 
or intravenous injections of fluids, vitamins, assisted feed- 
ings, and anticonvulsants are used for some species. For 
some biotoxins, cholestyramine, an oral bile acid binder, 
has been used to treat cases of toxin exposure in humans 
and domestic animals (Underhill et al. 1995; Kerkadi et al. 
1998; Rankin et al. 2013). Cholestyramine has been used 
in sea otters, although oral delivery can be problematic 
for these and other pinnipeds. Below we highlight current 
general treatment protocols for the most commonly live 
stranded animals with biotoxicosis, specifically California 
sea lions and manatees. 


California Sea Lions with 
Domoic Acid Toxicosis 


For acute DA intoxication, animals can be treated with phe- 
nobarbital intramuscular (IM) twice a day at 4 mg/kg for 2 
days and then at 2 mg/kg for 5 days. Actively seizing animals 
can be treated with lorazepam IM at 0.2 mg/kg; if the animal 
continues to seize, a second and third dose of lorazepam 
IM 0.2 mg/kg can be given until seizures cease. Additional 
seizure control can be attempted with butorphanol IM at 
0.1-0.2 mg/kg. If seizures cannot be controlled after multiple 
doses of phenobarbital, lorazepam, and butorphanol, prog- 
nosis is poor, and euthanasia is recommended. Additional 


treatment includes subcutaneous fluids Cactated Ringer’s 
solution) for several days if the animal is moribund. Adult 
females that are pregnant and or need to abort a fetus, should 
be given dexamethasone (0.2mg/kg IM [once a day] x 3 days) 
and then prostaglandin or oxytocin, if needed, depending 
upon the stage of gestation. Adult females that have aborted 
should be treated with antibiotics for 7 days to prevent pyo- 
metra. Due to poor prognosis, premature pups born in captiv- 
ity from acute DA females should be euthanized. 


Manatees with Brevetoxicosis 


Treatment includes prevention of drowning (flotation devices 
or propping on foam) and supportive care (fluid therapy, anti- 
inflammatories, parenteral antibiotics). Recently, a combina- 
tion of individual floatation devices, atropine given at a total 
dose of 0.02 mg/kg, and tulathromycin 2.5 mg/kg subcuta- 
neously (SQ) every 7 days for 3 doses resulted in success- 
ful recovery and release of 93% of cases (Ball et al. 2014). 
Recovery from neurologic signs occurred within 75-17 hours 
postpresentation. 

Prognosis varies upon the biotoxin and taxa involved. 
California sea lions and sea otters with acute DA intoxica- 
tion and manatees with brevetoxicosis can have fair to good 
prognoses if seizures are controlled. To date, few, if any, 
live cetaceans with confirmed biotoxicosis have survived 
for more than 24 hours in rehabilitation. California sea lions 
with chronic DA intoxication have generally poor prognoses 
(Goldstein et al. 2008; Thomas et al. 2010), and the impact 
of chronic PbTx exposure on manatees and cetaceans is 
unknown at this time 
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Future Research Needs 


Much progress has been made in recent years in under- 
standing the impacts of HABs on marine mammals. However, 
many questions remain, and more work is needed to under- 
stand the impacts of HAB toxins on cetaceans, especially 
associations between exposures (doses and _ synergistic 
effects of multiple toxins) and effects. The effects of in 
utero exposure on developing fetuses need to be under- 
stood as hundreds of pregnant California sea lions are now 
exposed to DA. Continued development and identification 
of effective treatments for animals are needed, including 
research into intravenous lipid emulsion therapy for treat- 
ment of brevetoxicosis that has been used recently in sea 
turtles. 
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Introduction 


Since the last edition of this book, there has been an expo- 
nential increase in the volume of literature on viral infec- 
tions in marine mammals. This has been fuelled not only by 
increased interest in the field, but also by advances in bio- 
technology giving us greater ability to detect and sequence 
viruses from a variety of sources. Success in identifying and 
studying novel viruses has also been enhanced by advances 
in cell culture techniques, and our ability to maintain primary 
pinniped and cetacean cell lines for initial isolation of viruses. 
Here we review the more clinically relevant papers on the 
most significant viral infections, and provide references for 
further study. 


Virus Isolation: An Overview 


Virus isolation is an important method for diagnosis of 
viral infection in marine mammals. It has the added ben- 
efit of providing antigen for serological testing and genomic 
material for phylogenetic analysis. Samples should be col- 
lected as aseptically as possible in the field and preserved 
on ice until further processing in the laboratory. Scalpel 
blades must be changed between specimens to avoid con- 
tamination. The following organs should be sampled when 
morbilli-, herpes-, influenza, and para-influenzaviruses are 
suspected: brain, lungs, liver, kidneys, spleen, lymph nodes, 
and liver. Cutaneous and muco-cutaneous lesions should also 
be collected for the detection of pox-, papilloma, calici-, and 
herpesviruses. Nasal, oral, and blowhole swabs may yield cali- 
civirus, influenza, and parainfluenza viruses. Marine mammal 
morbilliviruses have been isolated using a variety of cell cul- 
tures, including African green monkey kidney (Vero) cells, 
Vero cells expressing the canine signaling lymphocyte acti- 
vation molecule (Vero.DogSLAMtag cells), primary kidney 
epithelial cell cultures, peripheral blood mononuclear cells, 
Madin-—Darby canine kidney cells (MDCK), and Madin—Darby 
bovine kidney epithelial cells (MDBK; Duignan et al. 2014; 
Van Bressem et al. 2014). Influenza A virus isolation may 
be attempted using 9 to 11 day old specific-pathogen-free 
embryonated chicken eggs, but if this is not successful, cell 
lines such as MDCK, Crandell feline kidney cells (CrFK), and 
human epithelial cells may be used (Hinshaw et al. 1986; 
Goldstein et al. 2013). Influenza B viruses were isolated on 
MDCK cells and propagated in primary seal kidney cells 
(Osterhaus et al. 2000). Phocid herpesviruses were grown on 
primary harbor seal (Phoca vitulina) kidney cells and CrFK 
cells (Osterhaus et al. 1985; Harder et al. 1996). A bottlenose 
dolphin (Jursiops truncatus) gammaherpesvirus was isolated 
in primary harbor porpoise (Phocoena phocoena) kidney 
cell cultures (van Elk et al. 2009). Marine caliciviruses have 
been grown on Vero cells (Smith et al. 1973; Skilling et al. 
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1987). California sea lion (Zalophus californianus) and seal 
parapoxviruses have been isolated from California sea lion 
and gray seal (Halichoerus grypus) kidney cells, respectively 
(Nettleton et al. 1995; Nollens et al. 2006a). Despite several 
attempts, cetacean poxviruses have not yet been cultivated 
(Van Bressem et al. 2006). Adenoviruses have successfully 
been isolated using various cell lines, including California sea 
lion kidney fibroblasts, MDCK, human-origin HeLa cells, and 
A549 (adenocarcinomic human alveolar basal epithelial cell 
549; Goldstein et al. 2011; Rubio-Guerri et al. 2015; Cortés- 
Hinojosa et al. 2016a). Molecular techniques (rolling circle 
amplification) are required for the identification and charac- 
terization of papillomaviruses (Gottschling et al. 2011; Rivera 
et al. 2012). 


Molecular Diagnostics: An Overview 


With the reduction in the cost of molecular techniques in 
recent decades, this approach has become one of the most 
common methods for virus identification and diagnosis in 
wildlife. Sample type and collection can be the same as for 
virus isolation. Sample size should not exceed 1-2 cm? and 
aim to include the affected area and margins where active 
viral replication is likely to occur. Samples should be placed 
on ice in the field or at necropsy, processed immediately, or 
stored at -80°C, since RNA viruses are unstable and suscep- 
tible to environmental RNases. When freezers are not at hand 
and samples cannot be processed immediately, reagents such 
as Invitrogen™ RNAlater™ reduce degradation at room tem- 
perature up to 1 week. Ethanol (100%) can be used as an alter- 
native mainly for DNA viruses, when access to other storage 
method is limited. Molecular techniques include polymerase 
chain reaction (PCR) such as conventional PCR/sequencing, 
real-time PCR (or qPCR), rolling circle amplification, and next- 
generation sequencing (NGS). PCR (DNA viruses) and RT-PCR 
(RNA viruses) involve the use of primers that bind to specific 
areas of the genome and allow the amplification, sequencing, 
and analysis of specific genomic segments. Different types of 
primers may be used, including specific and degenerate prim- 
ers. The latter are designed with two or more bases that can 
bind to more than one base in the viral genomic sequence; 
these are routinely used for herpesvirus (VanDevanter et al. 
1996), adenoviruses (Wellehan et al. 2004), and papillomavi- 
ruses (Rector et al. 2004; Gottschling et al. 2011) detection. 
Universal and semi-universal primers have proven useful 
for parapoxviruses (noshima, Morooka, and Sentsui 2000), 
papillomaviruses (Van Bressem et al. 2007), and morbilliv- 
iruses (Barrett et al. 1993; Raga et al. 2008). Rolling circle 
amplification permits the detection of circular viruses, such 
as polyomaviruses (Colegrove et al. 2010) and papillomavi- 
ruses (Rector et al. 2004). qPCR has been used in marine 
mammals for diagnosis of adenovirus (Cortés-Hinojosa et al. 


2017), herpesvirus (Cortés-Hinojosa et al. 2016b; Buckles 
et al. 2007; Venn-Watson et al. 2012; Ferrante el al. 2017), 
influenza virus (Goldstein et al. 2013; Puryear et al. 2016), 
and polyomavirus (Wellehan et al. 201) infections. Panviral 
microarrays permitted the detection of a coronavirus in a 
beluga whale (Delphinapterus leucas) that died in captivity 
(Mihindukulasuriya et al. 2008). More recently, NGS has been 
developed for the discovery of novel pathogens and used in 
marine mammals to detect anelloviruses, circoviruses, picor- 
naviruses, picobirnavirus, asfarviruses, and parvoviruses (Ng 
et al. 2009, 2011; Li et al. 2011; Chiappetta et al. 2016). 


Paramyxoviruses 


The family Paramyxoviridae has two important genera that 
include pathogens of marine mammals: the genus Morbillivirus 
(distemper viruses) and the genus Respirovirus (that includes 
the parainfluenza viruses). 


Morbilliviruses 


For comprehensive reviews, see Duignan et al. (2014) and 
Van Bressem et al. (2014). 


Host Range 


Morbilliviruses (canine distemper virus, CDV; phocine distem- 
per virus, PDV; and cetacean morbillivirus, CeMV) were first 
recognized as marine mammal pathogens in the late 1980s. 
CDV, of terrestrial mammal origin, has caused repeated epi- 
demics among Baikal seals (Pusa sibirica) and Caspian seals 
(P. caspica) in central Asia. Phocids are variably susceptible to 
PDV with North Atlantic harbor seals (Phoca vitulina vitulina) 
most susceptible (based on recurrent epidemics), with gray, 
harp (Pagophilus groenlandicus), and hooded (Cistophora 
cristata) seals less susceptible (Duignan et al. 2014). There 
is no compelling evidence that Odobenidae (walruses) are 
susceptible to disease from morbilliviruses despite sero- 
logical evidence of exposure in the eastern Canadian Arctic 
(Duignan et al. 1994: Nielsen et al. 2000). Otariidae (sea lions 
and fur seals) may also not be susceptible, despite a report 
of CDV encephalitis in a captive California sea lion (Barrett 
et al. 2004). 

CeMV was also first recognized as a pathogen of marine 
mammals following epidemics among harbor porpoises 
(porpoise morbillivirus, PMV) and striped dolphins (Stenella 
coeruleoalba, dolphin morbillivirus, DMV) in Europe in the 
late 1980s and early 1990s. Since then, infection has been 
recognized in a wide range of odontocetes and some mys- 
ticetes globally (Van Bressem et al. 2014) with at least four 
strains and two lineages of CeMV currently proposed (see 
next section). 
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The Florida manatee (7richechus manatus latirostris) is 
the only sirenian in which morbillivirus infection has been 
documented, but mortality has not been recorded (Duignan 
et al. 1995). Similarly, serology has shown that polar bears 
(Ursus maritimus) are commonly exposed to both PDV and 
CDV (perhaps through predation on phocids or contact with 
arctic foxes, Vulpes lagopus), but mortality has not been 
reported (Follmann et al. 1996; Garner et al. 2000; Cattet 
et al. 2004). Terrestrial mustelidae are highly susceptible to 
CDV, so infection could be expected in their oceanic cous- 
ins. While there is evidence for CDV infection in both north- 
ern and southern sea otters Enhydra lutris kenyoni and E. 1. 
nereis) in the Pacific Northwest and California (Miller, pers. 
comm.), serology and PCR data from Alaska suggest that 
sea otters there may have been exposed to a PDV-like virus 
rather than CDV (Goldstein et al. 2009). There are no reports 
of morbillivirus infection in marine otters Zutra felina) from 
Peru and Chile. For a comprehensive host list for PDV and 
CeMV, see Duignan et al. (2014) and Van Bressem et al. 
(2014). 


Virology 


CeMV and PDV belong to the genus Morbillivirus, subfam- 
ily Paramyxovirinae, family Paramyxoviridae, order Mono- 
negavirales. Other viruses in this genus include measles 
virus (MV) in humans and other primates, rinderpest virus 
(RPV), a disease of large ruminants, peste-des-petits rumi- 
nants virus (PPRV) in small ungulates, and CDV in carnivores. 
Morbilliviruses are enveloped viruses with intracytoplasmic 
replication. The genome is unsegmented and has a negative- 
sense single-stranded RNA that varies from 15,500 to 16,000 
nucleotides in length and comprises six transcription units 
that encode six structural proteins (nucleocapsid protein N, 
phosphoprotein P, matrix protein M, fusion glycoprotein F, 
hemagglutinin glycoprotein H, the RNA-dependent RNA 
polymerase L, and the two virulence factor proteins; Baron 
et al. 2016). The strains of CeMV first recognized in the 
western North Atlantic (PMV, DMV) are antigenically and 
genetically similar to a strain from a long-finned pilot whale 
(Globicephala melas) in the western North Atlantic (pilot 
whale morbillivirus, PWMV, Taubenberger et al. 2000). A 
fourth strain, beaked whale morbillivirus (BWMV), was 
found in a Longman’s beaked whale Undopacetus pacifi- 
cus) stranded in Hawaii (West et al. 2015). Most recently, 
another clade of CeMV was recognized, based on sequence 
data from viruses detected in a Guiana dolphin (Sotalia 
guianensis) from Brazil and in Indo-Pacific bottlenose dol- 
phins (ursiops aduncus) from Western Australia (Groch 
et al. 2014; Stephens et al. 2014). Van Bressem et al. (2014) 
proposed the terminology CeMV-1 for the “old” northern 
hemisphere lineage that includes DMV, PMV, PWMV, and 
BWMV,;, and CeMV-2 for the “new” southern hemisphere lin- 
eage. Based on the hemagglutinin gene sequence, PDV, like 
CDV, is composed of a single lineage in which there are 


several closely related wild-type strains circulating in the 
North Atlantic (Duignan et al. 2014). 


Clinical Signs 


Clinical signs have been described in detail for pinnipeds 
(Duignan et al. 2014) and cetaceans (Van Bressem et al. 
2014). Infected dolphins are rarely observed alive, but in 
cases that have been described, they may have tremors, 
and they may be in a poor nutritional state with low lipid 
reserves (although animals with peracute infections can be 
fat), and often with high burdens of ectoparasites and epi- 
bionts. For phocids, clinical signs include pyrexia, serous 
or mucopurulent ocular and nasal discharges, coughing, 
mucosal cyanosis, and dyspnea. Swimming and diving may 
be impaired by interstitial pulmonary and subcutaneous 
emphysema (Figure 17.1). Moribund seals remain ashore 
for longer, and may develop pressure necrosis lesions 
and high ectoparasite burdens. Hyperkeratotic dermatitis, 
equivalent to “hard pad” in terrestrial carnivores infected 
by CDV, may be present. Neurological signs include depres- 
sion, lethargy, head tremors, convulsions, and seizures. 
Pregnant females may abort. 


Therapy 


In both cetaceans and pinnipeds, treatment is supportive. 
There is no vaccine against CeMV. Attenuated, inactivated, 
and subunit CDV vaccines have been used in phocids (see 
review in Duignan et al. 2014). A vaccination program has 
been in place since February 2016, using a recombinant CDV 
(monovalent recombinant canary pox vector expressing CDV 
antigens, Purevax, Merial) in free-ranging Hawaiian monk 
seals (Neomonachus schauinslandi), with seals seroconvert- 
ing and not showing any side effects of vaccination (National 
Oceanic and Atmospheric Administration [NOAA] Fisheries 
2016). 


Pathology 


For a more detailed description of the pathogenesis and 
pathology of morbillivirus infections, see Duignan et al. 
(2014) and Van Bressem et al. (2014). Morbilliviruses have a 
predilection for lymphocytes, epithelial cells, and neurons. 
Viral replication in lymphoid organs can result in immu- 
nosuppression, and predispose the animal to opportunis- 
tic bacterial, fungal, protozoal, or other parasitic infections. 
Consequently, the lesions described can be highly variable 
depending on the clinical course and the contribution of 
secondary infections. In acutely fatal infection, death often 
results from diffuse interstitial pneumonia and emphysema 
(Figures 17.1 and 17.2). Viral replication, as evidenced by 
the presence of eosinophilic intracytoplasmic and intranu- 
clear inclusion bodies, may be seen in the skin, gastrointesti- 
nal tract, respiratory tract, urogenital tract, or central nervous 
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Figure 17.1 Harbor seal (Northern Ireland), acute diffuse pneumonia 
with dorsal—caudal interstitial emphysema (detail inset) and cranial— 
ventral hemorrhage and congestion, PDV. (Courtesy of P.J. Duignan.) 


Figure 17.3 Striped dolphin (Spain), interstitial pneumonia with CeMV 
antigen in cytoplasm and nuclei of syncytial cell and pneumocytes, 
Immunohistochemistry. (Courtesy of P.J. Duignan.) 


Figure 17.2 Striped dolphin (Spain), acute diffuse interstitial pneumo- 
nia, CeMV. (Courtesy of M. Domingo.) 


system (Figures 17.2 and 17.3). Death often ensues from dif- 
fuse interstitial bronchopneumonia (Figures 17.4 through 
17.6). In more chronic cases, the lesions of bacterial or 
mycotic infections often obscure the viral lesions, and death 
may result from septicemia or systemic mycoses. Cetaceans 
that have cleared and resolved systemic DMV infection may 
develop a more chronic form of nonsuppurative encephalitis 
(Domingo et al. 1990). Pathology in pinnipeds is broadly 
similar to that observed in cetaceans and in terrestrial carni- 
vores with fatal CDV infection. A striking difference between 
phocids and odontocetes is that pneumonia in the former 
frequently results in severe interstitial emphysema tracking 
to the fascia of the thorax and neck with resultant inability 
to dive. At a histological level, the lungs of dolphins often 
have very large syncytial cells filling the alveoli while the 
syncytia in phocids are generally smaller and less numerous. 


Figure 17.4 Harbor seal (USA), proliferative bronchitis with syncytia, 
subacute, PDV, H&E stain. (Courtesy of P.J. Duignan.) 


Figure 17.5 Harbor seal (USA), interstitial pneumonia with pneumocyte 
hyperplasia, subacute, PDV, H&E stain. (Courtesy of P.J. Duignan.) 
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Figure 17.6 Striped dolphin (Spain), interstitial 
pneumonia with alveolar macrophages and syn- 
cytia, H&E stain. (Courtesy of M. Domingo.) 


Diagnosis 


Diagnosis of morbillivirus infection as the cause of death 
implies the presence of characteristic gross and histologic 
lesions as described above and in the literature, supported by 
immunohistochemistry confirming viral antigen in the lesions 
(Figure 17.3). In addition, a definitive diagnosis requires 
virus isolation and sequencing as the accepted gold standard, 
or, at least RT-PCR followed by sequencing (Duignan et al. 
2014; Van Bressem et al. 2014). Serological surveys are useful 
for studying the epidemiology of these viruses, to assess the 
immune status of populations, and to predict the occurrence 
of new epidemics. A simultaneous diagnosis and genotyp- 
ing method has recently been developed for formalin-fixed 
paraffin-embedded samples, allowing retrospective studies 
(Yang et al. 2016). 


Epidemiology 


For a comprehensive review of morbillivirus epidemics and 
prevalence worldwide, see Duignan et al. (2014) and Van 
Bressem et al. (2014). Morbilliviruses are highly infectious 
and require large populations of susceptible individuals 
(e.g., 300,000 harbor seals in Europe; Swinton et al. 1998) 
to persist, as there is no carrier state, and infection confers 
lifelong immunity. Alternatively, morbillivirus infection may 
persist in large spatial scale multihost ecosystems, just as CDV 
does in terrestrial carnivores; an analogous situation may 
pertain among phocids of the North Atlantic/Arctic. While 
morbilliviruses replicate in epithelial cells of the skin, respi- 
ratory, gastrointestinal, and urogenital tracts and shed to the 


environment in ocular, nasal, oral, or preputial secretions, 
shed epidermis, urine, and feces, the predominant route of 
horizontal transmission is likely respiratory. This is facili- 
tated by the close proximity of pinnipeds at haul- out sites or 
between odontocetes sharing expired air while at the water 
surface. Vertical transmission, either in utero or via lactation, 
has been demonstrated on rare occasions for cetaceans and 
is suspected for phocids. Serological and molecular studies 
suggest that CeMV is endemic in gregarious odontocete spe- 
cies in the Atlantic, South Pacific, and the Indian Oceans, 
where pilot whales (Globicephala spp.), dusky dolphins 
(Lagenorhynchus obscurus), Fraser’s dolphins (Lagenodelphis 
hosei), and melon-headed whales (Peponocephala electra) 
may serve as reservoirs and vectors of the infection to sus- 
ceptible species. Similarly for pinnipeds, gregarious species 
with robust populations, such as the North Atlantic gray and 
harp seals, may act as reservoirs and vectors of infection. In 
the absence of, or decrease in, herd immunity, outbreaks of 
lethal, acute, and subacute disease may occur in susceptible 
species, as has been repeatedly observed with CDV, PDV, 
and CeMV in Europe, Asia, the Americas, and Australia, 
since the late 1980s (Duignan et al. 2014; Van Bressem et al. 
2014). DMV caused epidemics in common bottlenose dol- 
phins along the US Atlantic coast in 1982, 1987-1988, and 
from 2013 to 2015, and along the Gulf Coast of the United 
States from 1993 to 1994 (Van Bressem et al. 2014; Morris 
et al. 2015). Mathematical modelling of 2013-2015 outbreak 
data showed that bottlenose dolphins are infectious for at 
most 24 days (mean of 8 days) and are capable within this 
timeframe of transferring such an infection up to 220 km 
away. Furthermore, network analysis suggested that local 
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movements dominate the spatial spread, and that seasonal 
migrations facilitated wider dissemination along the Atlantic 
coast (Morris et al. 2015). DMV was also responsible for 
mass mortalities in striped dolphins in the Mediterranean 
from 1990 to 1992 and from 2006 to 2008. Serological, bio- 
logical, and phylogenetic data suggested that the virus did 
not persist as an endemic infection in the Mediterranean 
after the 1990-1992 epidemic ended. Phylogenetic and 
epidemiological data indicated that a DMV strain circulat- 
ing in the central eastern Atlantic Ocean was introduced 
to the Mediterranean Sea through the Straits of Gibraltar 
in 2006, possibly by pilot whales or striped dolphins, and 
caused the 2006-2008 epidemic there (Van Bressem et al. 
2014; Sierra et al. 2016). Occasional mortalities in the west- 
etn Mediterranean or along the US Atlantic coast between 
epidemics appear mostly limited to dolphins with chronic 
encephalitis. It may also represent sporadic introduction of 
virus into communities mostly protected by herd immunity 
(Duignan et al. 1996; Soto et al. 2011; Rubio-Guerri et al. 
2013). 


Public Health Significance 


There are no known human risks from CeMV, PDV, or CDV. 


Parainfluenza Viruses 


Host Range 


A parainfluenza virus was isolated from a captive bottlenose 
dolphin (Nollens et al. 2008a). A subsequent serologic study 
found antibodies in captive and free-ranging bottlenose dol- 
phins from California and Florida, USA (Venn-Watson et al. 
2008). 


Virology 


Parainfluenza viruses (including PIV-1 and PIV-3) belong 
to the subfamily Paramyxovirinae, family Paramyxoviridae, 
genus Respirovirus. They are enveloped, single-stranded 
negative-sense RNA viruses with intracytoplasmic replica- 
tion and nonsegmented thick nucleocapsids (Henrickson 
2003). Their genome encodes several proteins including the 
nucleocapsid, phosphoprotein, matrix, fusion, hemagglutinin- 
neuraminidase, and large protein. Sequencing of “T! trunca- 
tus parainfluenza virus type 1” (TtPIV-1) showed common 
ancestry with bovine PIV-3 genotype B (Eberle et al. 2015). 


Clinical Signs 


PIV-3 causes pneumonia and bronchiolitis in children and 
respiratory disease in cattle as a component of bovine respi- 
ratory disease complex (BRDC; Eberle et al. 2015). A captive 
19-year-old male Atlantic bottlenose dolphin infected with 
TtPIV-1 presented with dyspnea, raspy, malodorous breath, 


and purulent blowhole exudate. TtPIV-1 was cultured from 
biopsy samples prior to death and from tissues collected at 
necropsy (Nollens et al. 2008a). Seroconversion was demon- 
strated posthumously for this dolphin and for an additional 
22 captive dolphins that had similarly abnormal hemograms 
to the fatal case (Venn-Watson et al. 2008). Some of the other 
dolphins that seroconverted for TtPIV-1 had anorexia, leth- 
argy, and respiratory and ocular clinical signs. However, 23% 
of these animals showed no obvious clinical signs (Venn- 
Watson et al. 2008). 


Therapy 


Supportive therapy is indicated and should include manage- 
ment of secondary bacterial or parasitic infections. No vac- 
cines have been developed for dolphins. 


Pathology 


The fatally infected dolphin (noted above) had focally exten- 
sive pyogranulomatous broncho-interstitial pneumonia with 
intralesional yeast organisms, with multifocal erosive and 
ulcerative laryngotracheitis (Nollens et al. 2008a). Aside from 
TtPIV-1, several bacteria (Escherichia coli, Proteus mirabilis, 
P. vulgaris, and Vibrio alginolyticus) and yeast (Candida gla- 
brata) were also isolated from the lungs and pleural fluid 
(Nollens et al. 2008a). 


Diagnosis 


TtPIV-1 was isolated on Vero cells using antemortem lung 
aspirates and necropsy tissues Gung, pleural fluid, pulmo- 
nary lymph node) and identified using molecular techniques 
(Nollens et al. 2008a; Eberle et al. 2015). An ELISA was devel- 
oped for serology (Venn-Watson et al. 2008). 


Epidemiology 

Prevalence of PIV antibodies was 7.1% in 56 free-ranging 
dolphins from Sarasota, Florida, and 15.5% in 58 captive dol- 
phins from the US Navy Marine Mammal Program, San Diego, 
California. Age at seroconversion significantly differed between 
free-ranging (11.5 years) and managed dolphins (20.7 years). 
There was no significant difference in PIV seropositivity 
between males and females (Venn-Watson et al. 2008). 


Public Health Significance 


PIV-3 is known to infect several terrestrial species, including 
humans, so there is potential for TtPIV-1 to be a zoonosis. 


Influenza Viruses 


For reviews and more comprehensive references, see Fereidouni 
et al. (2016), Ohishi (2002), and Ohishi et al. (2006). 
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Host Range 


Harbor seals appear to be the most clinically susceptible 
pinniped species to both morbillivirus and influenza A and 
B. Several subtypes of influenza A virus have been isolated 
from harbor seals, from both the western and eastern North 
Atlantic. On the New England coast of the United States, epi- 
demics occurred in 1979-1989 (H7N7), 1982-1983 (H4NS5), 
1991 (H4N6), 1991-1992 (H3N3), and in 2011 (H3N8). In 
the North Sea in 2014, influenza A (H10N7) caused mass 
mortalities. 

Pandemic influenza HIN1 (H1N1pdm09) was detected 
by isolation, molecular, and serological techniques in healthy 
northern elephant seals (Wirounga angustirostris), by serol- 
ogy in harbor seals and California sea lions free-ranging 
along California’s coast between 2009 and 2011 (Goldstein 
et al. 2013; Boyce et al. 2013); and in northern sea otters 
captured off the coast of Washington in 2011 (Li et al. 2014). 
The virus also caused a productive infection in ferrets after 
experimental inoculation (van den Brand et al. 2016). In 
2014, avian influenza A (H10N7) was associated with mas- 
sive mortality in European harbor seals (Bodewes et al 
2015a). Based on serological surveys, influenza A commonly 
infects pinnipeds including harp and hooded seals from the 
North Atlantic Ocean and the Barents Sea (Stuen et al. 1994); 
and Caspian, Baikal, and ringed (Pusa hispida) seals from 
the central Russian Arctic (Ohishi et al. 2002, 2004). Two 
influenza A viruses, A/whale/Maine/1/84 (H13N9) and A/ 
whale/Maine/2/84 (H13N2), were isolated from the lung and 
hilar node of a moribund long-finned pilot whale killed on 
the coast of Maine, USA, in October 1984 (Hinshaw et al. 
1986). A third strain, designated A/whale/P0/19/76 (H1N3), 
was recovered from the lungs and liver of unspecified ror- 
quals (Balaenopteridae) harvested in the South Pacific in 
1975-1976 (Lvov et al. 1978; Murphy and Webster 1996). 
Influenza A seropositivity was documented for common 
minke whales (Balaenoptera acutorostrata) and Dall’s por- 
poises (Phocoenoides dalli) caught in the North Pacific in 
2000-2001 (Ohishi et al. 2006), and in belugas harvested off 
Baffin Island, Canada, in 1990-1991 (Nielsen, Clavijo, and 
Boughen 2001). 

Influenza B virus, primarily a virus of humans with 
no known wildlife reservoir, has been regularly detected 
in healthy harbor and gray seals from the North Sea since 
1999 (Osterhaus et al. 2000; Bodewes et al. 2013b). There is 
also serological evidence for influenza B virus infection in 
Caspian seals (Ohishi et al. 2002) and South American fur 
seals (Arctocephalus australis; Blanc et al. 2009). Host suscep- 
tibility appears to be defined by the virus’s ability to attach 
to silaosaccharide receptors on the membrane of host cells. A 
comparative study using fixed tissues from harbor and gray 
seals, harbor porpoise, and bottlenose dolphins showed that 
variation in receptor binding may explain some, but not all, 
of the difference in pinniped and cetacean susceptibility to 
avian and human influenza viruses (Rhamis et al. 2012). 


Virology 


Influenza viruses are enveloped linear, RNA viruses with 
intranuclear replication; these viruses belong to the fam- 
ily Orthomyxoviridae. They are divided into six genera: 
influenza A, influenza B, and influenza C viruses, Jsavirus, 
Thogotovirus, and Quaranjavirus. Only influenza A and B 
viruses have been found in marine mammals (Ohishi et al. 
2006; Fereidouni et al. 2016). Their genome includes eight 
negative-sense, single-stranded viral RNA segments that are 
numbered in order of decreasing length and that encode for 
up to 13 proteins, including the hemagglutinin (HA), neur- 
aminidase (NA), nucleoprotein (NP), and matrix protein (M1, 
Bouvier and Palese 2008). Influenza A viruses are further 
characterized by the subtypes of membrane glycoproteins 
HA and NA. The segmented genome enables antigenic shift, 
in which an influenza A virus strain acquires HA and NA 
segments from a different subtype, resulting in a virus that 
may encode completely novel antigenic proteins (Bouvier and 
Palese 2008). Phylogenetic studies indicated that the majority 
of influenza A virus isolates from baleen whales and pinnipeds 
were derived from waterfowl adapted strains. By contrast, 
all gene segments from subtype A/whale/Maine/328B/1984 
(H13N2), isolated from a long-finned pilot whale, derived 
from an influenza virus adapted to gulls, terns, and wading 
birds (Groth et al. 2014). 


Clinical Signs 


Influenza A viruses have caused epidemics of fatal respiratory 
disease in harbor seals from the United States and Europe 
(Geraci et al. 1982; Krog et al. 2015; Bodewes et al. 2016; van 
den Brand et al. 2016). The principal clinical signs included 
conjunctivitis (Figure 17.7), frothy or blood-tinged nasal dis- 
charge (Figure 17.8), subcutaneous emphysema of the thorax 
and neck, weakness, and incoordination. Infection in northern 
elephant seals, California sea lions, Pacific harbor seals (Phoca 
vitulina richardsi), and northern sea otters with H1N1pan09 
was subclinical (Goldstein et al. 2013; Boyce et al. 2013; Li et 
al. 2014). The pilot whale from which two influenza A viruses 
were isolated was extremely emaciated and swam with dif- 
ficulty (Hinshaw et al. 1986). Two harbor seals with influenza 
B virus infection had dyspnea, but they also had concurrent 
parasitic pneumonia (Osterhaus et al. 2000). 


Therapy 


No vaccines have been developed for use in marine mam- 
mals. Supportive therapy should include management of sec- 
ondary bacterial and respiratory parasitic infections. 


Pathology 


Harbor seals that died from influenza A infection had dif- 
fuse hemorrhagic pneumonia, characterized histologically 
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Figure 17.7 Harbor seal (USA), influenza A (H,N,) conjunctivitis. 
(Courtesy of J.R. Geraci.) 


Figure 17.8 Harbor seal (USA), influenza A (H,N,) seropurulent nasal 
discharge. (Courtesy of J.R. Geraci.) 


by necrotizing bronchitis and bronchiolitis, and hemorrhagic 
alveolitis (Figures 17.9 through 17.12). Regional lymph 
nodes were enlarged, edematous, and hemorrhagic (Geraci et 
al. 1982; Anthony et al. 2012). The pilot whale had hemorrhagic 
lungs and enlarged hilar lymph nodes (Hisnhaw et al. 1986). 


Diagnosis 


Diagnosis is based on clinical signs, gross and histopathology, 
and immunohistochemistry (Figure 17.12), and confirmed 
by virus isolation or PCR with sequencing. Both pilot whale 
and seal influenza A viruses were isolated after inoculation 
of tissue suspension and/or lung and throat swab samples on 


Figure 17.9 Harbor seal (USA), influenza A (H,N,) acute hemorrhagic 
interstitial pneumonia. (Courtesy of J.R. Geraci.) 


embryonated chicken eggs and on MDCK cells. RT-PCR tar- 
geting the matrix gene was used for rapid diagnosis during the 
most recent outbreaks in harbor seals (Trebbien et al. 2013). 
The use of specific primers and subsequent sequencing of the 
hemagglutinin and neuraminidase genes allows the determi- 
nation of influenza A subtypes. Immunohistochemistry using 
influenza A virus nucleoprotein-specific monoclonal antibody 
has been used to demonstrate the virus in tissues (Bodewes 
et al. 2015a). Serology can be carried out using hemaggluti- 
nation inhibition (HD and indirect and competitive ELISAs 
(reviewed in Fereidouni et al. 2016). 


Epidemiology 

Serological, virological, and molecular data show that influ- 
enza A infection occurs sporadically in marine mammals 
(Nielsen, Clavijo, and Boughen 2001; Ohishi et al. 2006; 
Fereidouni et al. 2016) and is generally caused by viruses 
adapted to waterfowl and seabirds (Groth et al. 2014). Direct 
transmission from birds is the most probable route of infec- 
tion, as they frequently associate with pinnipeds and ceta- 
ceans, and shed virus by both oral and fecal routes (Hinshaw 
et al. 1984, 1986; Mandler et al. 1990; Callan et al. 1995; Groth 
et al. 2014). While these viruses may become adapted to 
mammalian cells in seals and transmit horizontally between 
seals during an epidemic, they do not seem to be maintained 
endemically in marine mammal populations. The incubation 
period is estimated to be 3 days or less (Hinshaw et al. 1984; 
Nielsen, Clavijo, and Boughen 2001; Ohishi et al. 2006). 

Humans possibly transmitted HINlpan09, H3N2 (strain 
A/Bangkok/1/79), and influenza B viruses to pinnipeds 
(Osterhaus et al. 2000; Ohishi et al. 2002, Goldstein et al. 
2013; Boyce et al. 2013; Bodewes et al. 2013b). The origin of 
H1N1pan09 exposure (detected by serology) in northern sea 
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Figure 17.10 Harbor seal (USA), influenza A 
(H,N-;) acute necrotizing and hemorrhagic bron- 
chiolitis and alveolitis. (Courtesy of J.R. Geraci.) 
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Figure 17.11 


Harbor seal (USA), influenza A (H,N,) acute necrotizing 
bronchiolitis with epithelial sloughing. (Courtesy of J.R. Geraci.) 


otters is unknown, but could have been through contact with 
sympatric northern elephant seals (Boyce et al. 2013; Li et al. 
2014). 


Public Health Significance 


Influenza A and B viruses are serious human pathogens. 
The influenza A viruses of marine mammals appear to have 
derived from avian reservoirs but may infect mammalian 
cells. The H7N7 and H4NS isolates from New England harbor 
seals replicated in gray and harp seals, and in ferrets, cats, 
and pigs inoculated experimentally. The H3N8 isolate also 
replicated in human lung carcinoma cells and theoretically 
could infect humans (Hussein et al. 2016). Direct transmission 


Figure 17.12 Harbor seal (USA), influenza A (HN,) bronchiolitis with 
epithelial sloughing. Immunohistochemical staining to show viral antigen 
in sloughed cells. (Courtesy of J. St. Leger.) 


of seal influenza A subtypes to humans conducting necrop- 
sies on seals has occurred, causing keratoconjunctivitis within 
2 to 3 days of exposure. A seal handler also developed severe 
conjunctivitis when an infected seal sneezed in his face; a 
virus identical to the seal virus was later isolated from a swab 
taken from the infected eye (Webster et al. 1981). All affected 
people recovered fully within 7 days, but none developed an 
antibody titer against the virus, suggesting the response was 
local mucosal immunity. However, the seal influenza virus (A/ 
Seal/Mass/1/80) replicated in the lungs and nasopharynx of 
squirrel monkeys (Saimiri sciureus) after intratracheal admin- 
istration, inducing signs similar to those of a human influenza 
A virus infection (Murphy et al. 1983). This emphasizes the 
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need for biosafety measures when working with stranded and 
free-ranging marine mammals with relevant and appropriate 
clinical signs. 


Coronaviruses 


Host Range 


Coronaviruses (CoVs) were detected during mortality inves- 
tigations in captive harbor seals at an aquarium in Florida 
(Bossart and Schwartz 1990), and among free-ranging harbor 
seals along the coast of central California (Nollens et al. 2010). 
In cetaceans, CoVs were isolated from a captive beluga whale 
(Mihindukulasuriya et al. 2008), and from the feces of three 
Indo-Pacific bottlenose dolphins (Woo et al. 2014). 


Virology 


Coronaviruses are enveloped, positive-strand linear RNA 
viruses, with intracytoplasmic replication and large genomes 
(about 30 kb). They belong to the subfamily Coronavirinae, 
family Coronaviridae, order Nidovirales (Masters and Perlman 
2013; Madhugiri et al. 2014). The family Coronaviridae 
includes four genera: the Alpha-, Beta-, Gamma-, and Delta- 
coronaviruses. The first two genera are mainly found in 
mammals, while the Gamma- and Delta-CoVs mostly infect 
birds (Wille et al. 2016). Seal CoV, Alpha genus, is closely 
related to feline, canine, ferret, and swine CoVs (Nollens et al. 
2010). The beluga coronavirus (BWCoV) and bottlenose dol- 
phin coronavirus (BdCoV) belong to the Gamma-CoVs and 
are very similar to each other. Woo et al. (2014) proposed that 
BWCoV and BdCoV represent a specific species, “cetacean 
coronavirus,” in the Gamma-CoV genus. 


Clinical Signs 


Referring to the cases already mentioned, two of the three 
captive harbor seals died without showing clinical signs, 
while the third had leukocytosis, dehydration, hypernatre- 
mia, and hyperchloremia (Bossart and Schwartz 1990). The 
Pacific harbor seals were found dead (Nollens et al. 2010). 
The captive beluga had signs of hepatic and respiratory fail- 
ure (Mihindukulasuriya et al. 2008). 


Therapy 


Therapy is supportive, including maintaining fluid and nutri- 
tional support, and treating secondary bacterial infections. 


Pathology 


Infection was characterized by acute necrotizing enteritis and 
pulmonary edema in the captive harbor seals (Bossart and 
Schwartz 1990). The localized mortality event that claimed 21 
adult harbor seals was tentatively linked to seal CoV infection, 


but only five seals were necropsied, all of which had pulmonary 
congestion, hemorrhage, and consolidation. Histopathology on 
two of these showed a necrotizing lymphocytic and histiocytic 
lobar pneumonia with intralesional bacteria. The CoV was 
detected in lung tissue from one of the five sampled animals 
(Nollens et al. 2010). The beluga whale had severe, multifocal, 
and coalescing centrilobular-to-massive acute hepatic necrosis 
(Mihindukulasuriya et al. 2008). 


Diagnosis 


Indirect fluorescent antibody staining was utilized to detect 
AlphaCoV antigen in frozen samples of the seal small intes- 
tine using antisera against canine, feline, ferret, and porcine 
CoVs (Bossart and Schwartz 1990). Degenerate and specific 
RT-PCR followed by sequencing was used to detect CoVs in 
the stranded harbor seals, the captive beluga, and the three 
captive Indo-Pacific bottlenose dolphins (Mihindukulasuriya 
et al. 2008; Nollens et al. 2010; Woo et al. 2014), A Panviral 
DNA microarray analysis indicated the presence of a corona- 
virus in the beluga liver (Mihindukulasuriya et al. 2008). 


Epidemiology 
Too little is known of marine mammal coronaviruses to 
speculate on their epidemiology. However, like influenza A 
viruses, cetacean CoVs may have an avian origin, since most 
Gamma-CoVs are found in birds including Anseriformes, 
Charadriiformes, Passeriformes, and Pelecaniformes (Woo 
et al. 2014; Wille et al. 2016). 


Public Health Significance 


There is no known zoonotic risk. 


Caliciviruses 


Host Range 


Since 1972, over 20 serotypes of marine vesiviruses have 
been isolated from marine mammals of the Pacific includ- 
ing California sea lions, northern fur seals (Callorbinus ursi- 
nus), Steller sea lions (Eumetopias jubatus), Pacific walruses 
(Odobenus rosmarus divergens), Hawaiian monk seals, com- 
mon bottlenose dolphins, gray whales (Eschrichtius robus- 
tus), fin whales, sei whales (B. borealis), and sperm whales 
(Physeter macrocephalus; Smith et al. 1998; O’Hara et al. 1998; 
McClenahan 2008; McClenahan et al. 2010). Various serotypes 
may also infect terrestrial animals (Smith et al. 1983a,b, 1985, 
1986; Smith, Skilling, and Benirschke 1985; Seal and Neill 
1995; Martin-Alonso et al. 2005). Recently, noroviruses and 
sapoviruses were detected in harbor porpoises from the 
North Sea and in California sea lions (Li et al. 2011; de Graaf 
et al. 2017). 
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Virology 


Members of the Caliciviridae family are small, non-enveloped 
viruses with intracytoplasmic replication and a single-stranded, 
positive-sense, polyadenylated RNA genome. They include 
the Vesivirus, Norovirus, Sapovirus, Lagovirus, and Nebovirus 
genera. 


Vesiviruses Most of the vesiviruses found in marine mam- 
mals (San Miguel Sea Lion Virus, SMSV-1 to -7, SMSV-9 to 
-11, SMSV-13 to -17; Steller Sea Lion Vesivirus, SSLV-V810 and 
-V1415,; Walrus Calicivirus [WCV],; and Cetacean Calicivirus, 
CCV-Tur-D are strains of the same virus species called 
“vesicular exanthema of swine virus” (VESV). Recent pyrose- 
quencing data suggest that SMSV behaves as a quasispecies 
(Wellehan et al. 2010). Two other vesiviruses from pinnipeds 
(SMSV-8 from northern fur seals, and SMSV-12 from California 
sea lions and northern fur seal pups) are genetically distinct 
from VESV and likely represent other virus species within 
the genus Vesivirus (Smith, Skilling, and Latham 1981; 
McClenahan et al. 2008; Neill 2014). 


Sapoviruses and Noroviruses The two sapoviruses (Csl 
SaV1 and Csl SaV2) detected in the feces of California sea 
lions were most closely related to the SaV genogroup V and 
to the human SaVs genogroup II, respectively (Li et al. 2011). 
The California sea lion norovirus is most closely related to 
genogroup II norovirus with approximately 70% amino acid 
similarity (Li et al. 2011). The harbor porpoise norovirus has 
99% sequence homology to a short norovirus VP1 sequence 
detected in oysters (de Graaf et al. 2017). 


Clinical Signs 


For vesiviruses, the most consistent finding of infection in 
pinnipeds is epidermal vesicles on nonhaired skin (Figure 
17.13). Cetacean calicivirus (CCV Tur-D was isolated from 
skin vesicles that developed on tattoo skin lesions and scars 
in two Atlantic bottlenose dolphins. The vesicles quickly 


Figure 17.13 California sea lion (USA), hind flipper with fluid filled 
vesicles. (Courtesy of P.J. Duignan.) 


eroded, leaving shallow ulcers in one of the dolphins (Smith, 
Skilling, and Ridgway 1983c). In pinnipeds, the vesicles are 
most commonly located on the flippers and remain longest 
on the dorsal aspect. The vesicles range in size from 1 to 
3 cm and may coalesce to form bullae. They usually erode 
to leave a shallow, fast-healing ulcer, but occasionally they 
regress to leave a plaque-like scar. Depending on the sever- 
ity, they can resolve completely within 9 weeks (Gage et 
al. 1990). In captive California sea lions, lesions resolved 
between 4 and 20 days (Van Bonn et al. 2000). Vesicular 
and nonvesicular lesions may also occur on the buccal 
mucosa, nasal planum, and other mucocutaneous junctional 
areas (Gage et al. 1990; Van Bonn et al. 2000). Premature 
parturition has been observed in California sea lions, but 
these animals were also infected with Leptospira pomona, 
so the cause of fetal loss could not be determined with cer- 
tainty (Gilmartin et al. 1976). Premature pups had respira- 
tory distress and locomotor difficulties, and did not survive. 
Experimentally infected northern fur seal pups developed 
an interstitial pneumonia and mild encephalitis, but the 
virus could not be recovered from the lung or brain (Smith, 
Skilling, and Latham 1981). 

Other caliciviruses, such as noroviruses and sapovirus, of 
marine mammals have not yet been associated with any clini- 
cal signs (Li et al. 2011, de Graaf et al. 2017). 


Therapy 


The epidermal and mucosal lesions cause by vesiviruses usu- 
ally resolve without supportive treatment, unless secondary 
bacterial infections occur. 


Pathology 


For vesiviruses, viral replication in the stratum spinosum 
leads to hydropic degeneration, apoptosis, and necro- 
sis and formation of intraepidermal vesicles that eventu- 
ally rupture, leaving an exposed basal layer or a shallow 
ulcer that heals by granulation. In cats, feline calicivirus 
has a tropism for alveolar macrophages and type II pneu- 
mocytes, with fibrin exudation causing diffuse alveolar 
disease (Rodriguez et al. 2014). Similar pathology may be 
the cause of respiratory distress reported in some infected 
neonatal pinnipeds. 

In noroviruses, immunohistological and molecular stud- 
ies indicate that the porpoise norovirus replicates in the cells 
of the intestinal tract, but lesions are not described (de Graaf 
et al. 2017). 


Diagnosis 


Vesiviruses Marine vesiviruses were originally detected 
by virus isolation in cell cultures, electron microscopy, indi- 
rect immunofluorescence, and radio-immune precipitation 
(Reid et al. 2007). An rtRT-PCR assay targeting conserved 
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nucleotide sequences in the RNA-dependent RNA poly- 
merase region specifically amplified over 30 marine VESV 
strains but not SMSV-8 and -12 (Reid et al. 2007). Another 
rtRT-PCR, targeting a 176-nucleotide fragment within a 
highly conserved region of the SMSV capsid gene, detected 
viral RNA from nine marine vesivirus serotypes, includ- 
ing SMSV-8 and SMSV-12, SSLV-V810 and V1415, and other 
related vesiviruses (McClenahan et al. 2009). An ELISA 
was developed using noninfectious virus-like particles 
(VLPs) of SSLV V810 and V1415 expressed from recombi- 
nant baculoviruses, as antigen for coating microtiter plates 
(McClenahan et al. 2009). 


Noroviruses The harbor porpoise and California sea lion 
noroviruses were detected by random PCR in combination 
with sequencing (Li et al. 2011; de Graaf et al. 2017). An ELISA 
has been developed for the detection of antibodies against 
the major capsid protein (VPD of this virus, but its specificity 
needs to be further assessed (de Graaf et al. 2017). 


Epidemiology 


Vesiviruses Marine vesiviruses have been detected in sev- 
eral species of pinnipeds, cetaceans, fish, and parasites from 
the North Pacific (Smith et al. 1998). California sea lions and 
one of its prey, the opaleye perch (Girella nigricans), may 
be primarily involved in vesivirus maintenance in the North 
Pacific Ocean (Smith and Boyt 1990). Opaleye can live for 
10 years, and the virus can remain viable for at least 32 days. 
This could help explain how so many serotypes of vesivi- 
rus are endemic to the North Pacific. By the time most sea 
lions are 4 months old, they have neutralizing antibodies 
against one or more serotypes. The reservoir for infection 
in the Arctic has not been identified. Infection has not been 
detected in marine mammals outside the North Pacific and 
Arctic (McClenahan 2008). 

Horizontal vesivirus transmission between marine 
mammals is probably by direct contact, particularly at 
shared haul-out sites, and it may also be vector mediated 
(Smith et al. 1980a; Smith, Skilling, and Brown 1980b; 
Smith and Boyt 1990). Metazoan parasites like the liver 
fluke Zalophotrema sp. and the lungworm Parafilaroides 
decorus may act as mechanical vectors (Smith et al. 1980a; 
Smith, Skilling, and Brown 1980b). Direct transmission to 
terrestrial mammals may occur while scavenging on marine 
mammal carcasses (Van Bressem and Raga 2011; Haelters 
et al. 2016). Multiple serotypes can infect one individual 
and certain serotypes appear to be more pathogenic than 
others. Endemic infection has been described in northern 
fur seals on the Pribilof Islands (Smith and Boyt 1990). 
Marine mammals may also be infected by vesiviruses of 
terrestrial origin. The reptilian calicivirus Crotalus type 1 
was isolated from a California sea lion, Steller sea lion, 
and northern fur seal; and captive pinnipeds have been 
infected by caliciviruses from mink, cattle, and reptiles 


(Barlough et al. 1998). Conversely, marine vesiviruses were 
the causative agent of vesicular exanthema of swine (VES) 
outbreaks in the United States between 1932 and 1956, the 
result of feeding swine raw garbage contaminated with 
marine mammal and fish products (Schaffer and Soergel 
1973; Smith et al. 1973, 1998). 


Noroviruses Prevalence of norovirus infection was 10.4% 
in the intestinal tissue from 48 harbor porpoises that stranded 
along the coast of the Netherlands in 2006-2015 (de Graaf 
et al. 2017). 


Public Health Significance 


Vesiviruses VES in pigs resembles foot and mouth dis- 
ease (cause by a picornavirus) and is classified as a for- 
eign animal disease (FAD) by the United States Department 
of Agriculture and similar agencies internationally. There 
is no confirmation that marine caliciviruses cause clini- 
cal disease in people. Yet the ability of these viruses to 
infect a wide host range argues that these agents should be 
respected. Researchers have developed antibodies to two 
serotypes, suggesting exposure to a high dose of virus, or 
that the virus replicated in human cells (Smith et al. 1987). 
These viruses may also cause blisters on the hands, feet, 
and cornea (Smith et al. 1987a, 1998; Smith, Prato, and 
Skilling 1987b). The isolation of a calicivirus from primates 
with vesicular lesions and encephalitis is further proof that 
these viruses should be handled with caution (Smith, Prato, 
and Skilling 1983b). 


Noroviruses The fact that the harbor porpoise norovirus is 
very similar to a norovirus isolated in oysters raises concern 
about its zoonotic potential (de Graaf et al. 2017). 


Herpesviruses 


For reviews and comprehensive references, see Maness et al. 
(2011), Kuiken and Das Neves (2011), and van Beurden et al. 
(2015). 


Host Range 


Alpha- and gammaherpesviruses have been detected 
by molecular and virological methods in captive and 
free-ranging Delphinidae, Phocoenidae, Monodontidae, 
Physeteridae, Ziphiidae, and Balaenopteridae from the 
Americas, Asia, and Europe (Kennedy et al. 1992; 
Blanchard et al. 2001; additional cetacean herpesvirus 
references are in Table 17.1). Herpesviruses have also 
been found in Phocidae (harbor, harp, hooded, spotted 
[Phoca largha], bearded [Erignathus barbatus], ringed, rib- 
bon [Histriophoca fasciata], and gray seals; Bellehumeur 
et al. 2016), Otariidae (California and Steller sea lions, 


Table 17.1 


Cetacean Herpesviruses 
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Virus 


Delphinid herpesvirus-1 and 2 
(DeHV-1 and 2) 
Delphinid herpesvirus-7 (DeHV-7) 


Delphinid HV-9 (DeHV-9) 


Beluga whale herpesvirus-1 
(BWHV-1) 

Lagenorhynchus obliquidens 
HV-1 (LOHV-1) 

Peponocephala electra 
herpesvirus (PeHV) 

Striped dolphin herpesvirus 
(319Li_Sc, 2007) 


DeHV-3 (ABND K167) and -8 


Stenella coeruleoalba herpesvirus 
(Sc/2011/ENoAt Brain and 
Sc/2007/ENotAt Brain) 

Stenella coeruleoalba herpesvirus 
skin (Sc/2011/ENoAt Skin) 

Ziphius cavirostris herpesvirus 
(GU066291) 

Mesoplodon densirostris 
herpesvirus 

Harbor porpoise herpesvirus-2 
(PPHV-2) 

Harbor porpoise herpesvirus-2 
(PPHV-2) 

KP995686 


Phocoena or Phocoenid 
herpesvirus-1 (PPHV-1) 

Kogia sima herpesvirus-1 
(KoHV-1) 


Delphinid herpesvirus-6 
DeHV-4 and 5 


Ziphid herpesvirus-1 herpesvirus 
(ZiHV-1) 


Tursiops truncatus herpesvirus 
Mediterranean (KC 142153) 

Balaenoptera acutorostrata 
herpesvirus 1 and 2 

Striped dolphin herpesvirus 


Host 


Clinical Significance 


Alphaherpesvirus/Varicellovirus 


Bottlenose dolphin (T7ursiops 
truncatus) 

Bottlenose dolphin (7ursiops 
truncatus; stranded) 

Killer whale (Orcinus orca) 


Beluga (Delphinapterus leucas) 


Pacific white-sided dolphin 


(Lagenorhynchus obliquidens) 


Melon-headed whale 
(Peponocephala electra) 

Striped dolphin (Stenella 
coeruleoalba) 


Acute necrotizing lesions in 
multiple organ systems 
Skin lesions 


Not reported (blowhole 
exudate) 

Ulcerative genital lesions, 
papilloma 

Not reported (healthy 
kidneys) 

Not reported (mucus sample) 


Not reported (healthy liver) 


Alphaherpesviruses/Unclassified 


Bottlenose dolphin (T7ursiops 
truncatus) 

Striped dolphin (Stenella 
coeruleoalba) 


Striped dolphin (Stenella 
coeruleoalba) 

Cuvier’s beaked whale (Ziphius 
cavirostris) 

Blainville’s beaked whale 
(Mesoplodon densirostris) 

Harbor porpoise (Phocoena 
phocoena) 

Harbor porpoise (Phocoena 
phocoena) 

Fin whale (Balaenoptera 
physalus) 


Skin lesions (dermatitis) 


Nonsuppurative encephalitis 


Skin lesions 
Lymphoid necrosis 
Interstitial nephritis 
Encephalitis 

Not reported (healthy 
tissues) 


Not reported (decomposed 
skin and penile mucosa) 


Gammaherpesviruses/Toothwhavirus 


Harbor porpoise (Phocoena 
phocoena) 

Dwarf sperm whale (Kogia 
sima) 


Risso’s dolphin (Grampus 
griseus) 

Bottlenose dolphin (Tursiops 
truncatus) 

Blainville’s beaked whale 
(Mesoplodon densirostris) 


Genital lesions/healthy 
tissues 

Vaginal lesion 

Vaginal lesions 


Genital lesions 


Penile lesion 


Gammaherpesviruses/Unclassified 


Bottlenose dolphin (Tursiops 
truncatus) 

Common minke whale 
(Balaenoptera acutorostrata) 

Striped dolphin (Stenella 
coeruleoalba) 


Not reported (healthy 
tissues) 

Not reported (decomposed 
tissues) 

Lymph node (co-infection 
morbillivirus) 


References 


Blanchard et al. 2001; Maness 
et al. 2011 

Smolarek-Benson et al. 2006; 
Maness et al. 2011 

Maness et al. 2011 


Bellehumeur et al. 2015 

Noguchi et al. 2013 

Miyoshi et al. 2011; Noguchi 
et al. 2013 


Belliére et al. 2010; Noguchi 
et al. 2013; Van Elk et al. 2016 


Manire et al. 2006; Maness 
et al. 2011 

Sierra et al. 2014 

Sierra et al. 2015 

Arbelo et al. 2010 

Arbelo et al. 2012 

Van Elk et al. 2016 


Van Elk et al. 2016 


Melero et al. 2015 


van Beurden et al. 2015; 
Van Elk et al. 2016 
Smolarek-Benson et al. 2006; 
Maness et al. 2011; Van 
Beurden et al. 2015 
Smolarek-Benson et al. 2006 


Smolarek-Benson et al. 2006; 
Maness et al. 2011 


Saliki et al. 2006; Maness 
et al. 2011 


Lecis et al. 2014 
Melero et al. 2015 


Belliére et al. 2010 
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northern fur seals) and Odobenidae (Harder et al. 1996; 
Lebich et al. 1994; Lipscomb et al. 2000; Osterhaus et al. 
1985; King et al. 2002; additional pinniped herpesvirus 
references are in Table 17.2), and sea otters (Tseng et 
al. 2012; Capuano et al. 2017). Trichechid herpesvirus 
1 (IrHV1) was also recovered from the skin and blood 
buffy coats from Florida manatees (Wellehan et al. 2008). 


Virology 


Herpesviridae belong to the order Herpesvirales. They are 
enveloped, double-stranded DNA viruses with relatively large, 


Table 172 Pinniped Herpesviruses 


complex genomes, and they replicate in the cell nucleus of 
reptiles, birds, and mammals. They are able to establish and 
maintain a latent state in their host and reactivate following 
a variety of psychological or physical stressors (Sainz et al. 
2001; Freeman et al. 2010). Herpesviridae are divided into 
three subfamilies (Alpha-, Beta-, and Gammaherpesvirinae) 
on the basis of biological characteristics and genomic orga- 
nization (Pellet and Roizman 2007; Davison et al. 2009). The 
alphaherpesviruses are neurotropic (infect nervous system 
tissue) and have a short reproductive cycle (~18 h) with effi- 
cient cell destruction and a variable host range (Davison 
et al. 2006). They include five genera: the Simplexvirus, 


Virus Host 


Clinical Significance References 


Alphaherpesvirus/Varicellovirus 


Phocid herpesvirus-1 (PhHV-1) | Harbor seals (Phoca vitulina) 


Gray seals (Halichoerus grypus) 


Osterhaus et al. 1985; 
Gulland et al. 1997; 
Martina et al. 2002; 
Maness et al. 2011 


Pneumonia, coagulative 
necrosis of the adrenal 
cortex and liver 


Gammaherpesvirus/Percavirus 


Phocid herpesvirus-2 (PhHV-2) Harbor seal 
California sea lion (Zalophus 
californianus) 


Ringed seal (Pusa hispida) 


Not reported, possible 
lethargy in hooded seal 


Kennedy-Stoskopf et al. 
1986; Harder et al. 1996; 
Maness et al. 2011; 
Bellehumeur et al. 2016 


Hooded seal (Crystophora cristata) 


Harp seal (Pagophilus 
groenlandicus) (isolated from 
leucocytes and lung tissue) 


Otarine herpesvirus-2 (OtHV-2) California sea lions 


Not reported Maness et al. 2011 


Gammaherpesvirus/Macavirus 


Maness et al. 2011 
Wright et al. 2015 


Not reported 
Ocular lesions 


Gammaherpesvirus/Pinniped clade 


Esophageal ulcers, and B cell Venn-Watson et al. 2012 
lymphoblastic lymphoma 
Ocular lesions 


Not reported 


Wright et al. 2015 
Goldstein et al. 2006a; 
Maness et al. 2011 
Goldstein et al. 2006b; 
Maness et al. 2011 
Bodewes et al. 2015b 


Mouth and tonsil ulcers 


Gingivitis or glossitis and 
healthy tissues 


Gammaherpesvirus/Unclassified 


PhHV-5 Harbor seals 
PhHV-6 Harbor seals 
Northern elephant seals 
(Mirounga angustirostris) (ocular 
lesions and swabs) 
OtHV-3 California sea lion 
OtHV-4 California sea lion 
PhHV-3 Hawaiian monk seal (Monachus 
schauinslandi) (nasal swabs) 
PhHV-4 Northern elephant seal 
PhHV-7 Harbor seal 
Gray seal 
OtHV-1 California sea lion 
South American fur seals 
(Arctocephalus australis) 
OtHV-4 Northern fur seal (Callorhinus 


ursinus) 
(vaginal swabs) 


Urogenital carcinoma Lipscomb et al. 2000; 
Buckles et al. 2007; 
Maness et al. 2011; 
Dagleish et al. 2012 


Not reported Cortés-Hinojosa et al. 2016b 
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Varicellovirus, Scutavirus, Mardivirus, and Iltovirus, with 
the last two genera found in birds. The gammaherpesviruses 
are lymphotropic and specific for either T or B lymphocytes. 
They include the genera Lymphocryptovirus, Rhadinovirus, 
Percavirus, and Macavirus that infect mammals (Davison 
et al. 2009; Pellet el al. 2011). All herpesviruses isolated from 
cetaceans and pinnipeds to date belong to the subfamilies 
Alpha- and Gammaherpesvirinae. While Phocid herpesvirus 
1 (PhHV-D from harbor seals is the sole alphaherpesvirus rec- 
ognized in pinnipeds, several alphaherpesviruses have been 
detected in odontocetes (Table 17.1). Based on partial DNA 
polymerase gene sequence analysis, most cetacean gam- 
maherpesviruses form a monophyletic clade and should be 
assigned to a new genus for which the name “Toowhavirus” 
was proposed (van Beurden et al. 2015). All partially charac- 
terized odontocete herpesviruses are likely cetacean-specific 
and probably coevolved with their hosts (Smolarek-Benson 
et al. 2006; Maness et al. 2011; van Elk et al. 2016). Some pin- 
niped gammaherpesviruses belong to the genera Macavirus 
and Percavirus, but others seem to form a “pinniped” clade 
(Table 17.1). Otariid HV-1 (California sea lion) and OtHV-4 
(northern fur seal) form another clade, separated from the 
other gammaherpesvirus genera (Maness et al. 2011; Cortés- 
Hinojosa et al. 2016b). The manatee herpesvirus, Trichechid 
herpesvirus 1, also belongs to the Gammaherpesvirus genus 
and clusters with viruses from elephants Loxodonta africana 
and Elephas maximus), tapit (Japirus terrestris), and hyrax 
(Procavia capensis, Wellehan et al. 2008). 


Clinical Signs 


Alphaherpesviruses have been associated with encepha- 
litis, acute necrotizing lesions in multiple organ systems, 
nephritits, genital ulcers, and dermatitis in several cetacean 
species (Kennedy et al. 1992; and references in Table 17.1). 
Gammaherpesviruses have been regularly detected in oral 
lesions, genital ulcers, plaques, and wart-like lesions (Table 
17.1) in various cetacean species from the United States, 
Europe, and Asia but also in healthy tissues. Further research 
is needed to determine if cetacean gammaherpesviruses 
cause the genital lesions or if they are secondary to a lym- 
phoproliferative disorder, as is commonly observed in gam- 
maherpesvirus infections in other species (van Elk et al. 2009; 
Rehtanz et al. 2012; van Beurden et al. 2015). 

Outbreaks of acutely fatal generalized PhV-1 infections 
have been seen in neonatal harbor seals in rehabilitation 
centers (Borst et al. 1986; Gulland et al. 1997; Harder et al. 
1997). Fatal disseminated infection may also occur in adults 
with immune suppression due to concurrent PDV infection 
(Osterhaus and Vedder 1988). In these animals, the clinical 
signs include ocular and nasal discharge, dyspnea, gingivitis, 
vomiting, diarrhea, pyrexia, lethargy, and anorexia. In neo- 
natal Pacific harbor seals, the target organs are the liver and 
adrenal glands. Marked lymphopenia occurs prior to death 
from adrenal insufficiency (Gulland et al. 1999). 


OtHV-1 is associated with multifactorial urogenital carci- 
nomas (UGC) in California sea lions (Browning et al. 2016). 
Metastatic disease in affected adults results in clinical signs 
referable to obstruction of lymphatic drainage (perineal and 
hind limb edema) and obstruction of ureters (hydronephrosis 
and terminal renal failure). Metastases also occur in lungs, 
liver, kidney, spleen, and regional lymph nodes. A captive 
geriatric (24 years old) male California sea lion infected with 
OtHV-3 died from acute lymphoblastic leukemia; 5 days ear- 
lier, his lymphocyte and leukocyte counts were within nor- 
mal ranges (Venn-Watson et al. 2012). Herpesviruses may also 
be associated with ocular lesions in pinnipeds, but their role 
in causation is unclear (Wright et al. 2015). 


Therapy 


There are no vaccines against marine mammal herpesviruses. 
Therapy with acyclovir has been used in neonatal harbor 
seals (see Chapter 27). 


Pathology 


Fatal herpesviral encephalitis has been reported in harbor 
porpoises, bottlenose, and striped dolphins from the eastern 
Atlantic, in which there was neuronal necrosis, intranuclear 
acidophilic inclusions, neuronophagia, and diffuse microglial 
infiltration (Kennedy et al. 1992; Esperon, Fernandez, and 
Sanchez-Vizcaino 2008; Sierra et al. 2014; van Elk et al. 2016). 
Fatal disseminated infection in two western Atlantic bottle- 
nose dolphins was associated with acidophilic inclusions 
in necrotic cells (Blanchard et al. 200D. A Cuvier’s beaked 
whale (Zipbius cavirostris) and Blainville’s beaked whale 
(Mesoplodon densirostris) from the Canary Islands had sys- 
temic infection and nephritis, respectively (Arbelo et al. 2010, 
2012). Cutaneous and mucosal lesions associated with her- 
pesviruses vary in appearance. In captive and free-ranging 
belugas from eastern Canada, multifocal necrotizing derma- 
titis with circular depressed lesions up to 2 cm in diameter 
has been described (Martineau et al. 1988). In bottlenose 
dolphins from Florida, dermatitis was described as prolifera- 
tive with intranuclear inclusion bodies (Manire et al. 2006). 
A striped dolphin stranded in the Canary Islands in 2011 
had oval, hyperpigmented cutaneous lesions that had vacu- 
olated keratinocytes in the stratum germinativum, chromatin 
margination, and intranuclear inclusions (Sierra et al. 2015). 
Hyperplastic genital plaques and mucocutaneous lesions in 
harbor porpoises, bottlenose dolphins, a killer whale (Orcinus 
orca), a Risso’s dolphin (Grampus griseus), and a Blainville’s 
beaked whale were associated with gammaherpesvirus infec- 
tion (Table 17.1). 

PhHV-1, an alphaherpesvirus, was first isolated from 
neonatal harbor seals with epidemic pneumonia in a 
rehabilitation center in Europe (Osterhaus et al. 1985). By 
contrast, this virus was associated with focal coagulative 
necrosis of the adrenal cortex and liver in Pacific harbor 
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seals (Gulland et al. 1997). PhHV-2, a gammaherpesvirus, 
has not been associated with clinical disease in harbor 
seals, but was isolated from an adult female gray seal 
with dermatitis (Kennedy-Stoskopf 2001). The gammaher- 
pesvirus, OtHV-1, is significantly associated with UGC of 
California sea lions, the lesions of which are described 
above (see Chapter 14). A phylogenetically related virus of 
northern fur seals, OtHV-4, is not associated with neopla- 
sia or any other pathology (Cortés-Hinojosa et al. 2016b), 
probably because it lacks the oncogenes of OtHV-1. OtHV-3 
was associated with fatal acute lymphoblastic leukemia in a 
geriatric California sea lion that also had multifocal esopha- 
geal ulceration (Venn-Watson et al. 2012). Focal infiltration 
by CD20-positive lymphoblastic cells was present in adre- 
nal gland, urinary bladder, colon, esophagus, heart, kid- 
neys, liver, lymph nodes, pancreas, spleen, stomach, tonsil, 
thyroid, trachea, tongue, and ureter. Herpesviral particles 
were observed by electron microscopy in lymphocytes in 
the esophageal mucosa. 

Both cetacean gammaherpesviruses and _ papillomavi- 
ruses have been recovered or detected in the cells of genital 
papillomas or wart-like lesions. The jury is out on which of 
these viruses is causative in the etiology of the papillomas 
(Saliki et al. 2006; Van Bressem and Raga 2011; Rehtanz et 
al. 2012). 


Diagnosis 


A gammaherpesvirus (TTHV) has been isolated from genital 
lesions of a captive bottlenose dolphin, using primary har- 
bor porpoise kidney cell cultures (van Elk et al. 2009). In 
other cases, diagnostics have been based on the detection of 
amphophilic intranuclear inclusions and viral antigen by light 
microscopy and immunohistochemistry, and on the ampli- 
fication of the DNA polymerase gene by PCR. Transmission 
electron microscopy is used to identify characteristic viral 
particles that may be naked (60-110 pm) in the nucleus or 
enveloped (115-250 pm) in the cytoplasm. Dark nucleocap- 
sids surrounded by a dark concentric ring produce the so- 
called target configuration typical of herpesviruses. Antisera 
to HHV-1 and Bovine (Bo) HV-1, both alphaherpesviruses, 
cross-react with cetacean herpesviral antigen in fixed tissues 
(Kennedy et al. 1992). Antiserum against the latent membrane 
protein of Epstein-Barr virus, a gammaherpesvirus, reacts 
with OtHV-1 antigen in California sea lion tissues (Lipscomb 
et al. 2000). 

PhHV-1 and -2 were initially isolated from primary host tis- 
sues (ung, kidney, urinary bladder, and skin), leukocytes, and 
nasal swabs. Many of these isolates now replicate in Crandell 
Feline Kidney (CrFK) cells. Virus isolation my not always be 
feasible, because of the lack of primary pinniped cell cultures or 
the quality of degraded specimens. For that reason, tissue cul- 
ture for virus identification and phylogenetic studies has largely 
been superseded by molecular methods such as nested PCR and 
quantitative PCR (VanDeventer et al. 1996; Cortés-Hinojosa et al. 


2016b; Ferrante et al. 2017), or in situ hybridization on fixed tis- 
sues (van Elk. et al. 2016). 


Epidemiology 


Molecular and serological data indicate that alpha- and 
gammaherpesviruses commonly circulate in odontoce- 
tes. Mikaelian et al. (999) demonstrated that over 50% of 
stranded belugas in the St. Lawrence Estuary had antibod- 
ies against BoHV-1, and later molecular studies confirmed 
infection in this population with BWHV (Bellehumeur et al. 
2015). Calves that had not yet suckled were seronegative. 
PCR data showed that prevalence of PPV-2 and PPHV-3 var- 
ied between 1% and 5% in the brain of 74 animals stranded 
along the Dutch, German, and Belgian coasts in 2000-2014 
(van Elk et al. 2016). Serology found that 75% of 36 captive 
bottlenose dolphins in the Netherlands and France (van Elk 
et al. 2009) had antibodies against TTHV (a gammaherpes- 
virus), and that seroprevalence was significantly higher in 
adults (95%, N = 21) than in juveniles (47%, N = 15). Thus, 
infections in cetaceans probably increase with age and 
become latent, similar to alphaherpesvirus infections in ter- 
restrial mammals. In manatees, qPCR data show that TrHV-1 
has a prevalence of 45% among healthy animals from two 
sites in Florida (Ferrante et al. 2017). 

Serological surveys indicated that herpesviruses have 
a wide geographical distribution and commonly circulate 
in many species of pinnipeds from the Arctic to Antarctica 
(Stuen et al. 1994, Zarnke et al. 1997; Lynch et al. 1999; 
Goldstein et al. 2003; McFarlane 2004; Venn-Watson et al. 
2012; Roth et al. 2013; Bellehumeur et al. 2016). Since her- 
pesviruses cause latent infections in their hosts, latent virus 
can be reactivated causing clinical signs and lesions. The 
factors that trigger this are not well understood, but physi- 
ologic stress and/or immunosuppression (e.g., from inter- 
current PDV infection) are associated with recrudescence. 
Whether or not PhHV-1 can cause abortion is not con- 
firmed, but during the first European PDV epidemic, abor- 
tions were common in seals that had concurrent PhHV-1 
infection (Stenvers, Plotz, and Ludwig 1992). The occurrence 
of OtHV-1 in epithelial cells of the lower urogenital tract 
of California sea lions, and its higher prevalence in adult 
animals, suggests a horizontal mode of sexual transmission 
analogous to that of HHV-8 in humans (Browning et al. 
2016). qPCR data showed higher prevalence among stranded 
California sea lions (34.9%) compared to managed animals, 
12.5% (Venn-Watson et al. 2012), and a prevalence of 32% 
for OtHV-4 among free-ranging female northern fur seals 
(Cortés-Hinojosa et al. 2016b). 


Public Health Significance 


Based on the biology of better-characterized herpesviruses 
in animals, other than primates, the herpesviruses of marine 
mammals are not known to be zoonotic. 
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Poxviruses 


For reviews, see Tryland (2011) and Van Bressem and Raga 
(2011). 


Host Range 


Cetacean poxviruses have been detected worldwide in sev- 
eral odontocetes and mysticetes, including bottlenose, dusky, 
common, striped, Hector’s (Cephalorhynchus hectori) dol- 
phins, harbor and Burmeister’s porpoises (Phocoena spinipin- 
nis), and southern right (Eubalaena australis) and bowhead 
whales (Balaena mysticetus,; Geraci, Hicks, and St. Aubin 
1979; Van Bressem et al. 1993, 2009a,b; Van Bressem and Van 
Waerebeek 1996; Bracht et al. 2006; Blacklaws et al. 2013; 
Fiorito et al. 2015). 

Pinniped parapoxviruses are ubiquitous and found 
in most geographic regions where phocids and otariids 
occur. In the North Pacific, infection occurs in Steller and 
California sea lions, northern fur seals, and harbor seals. 
In the Arctic, infection has been recorded in ringed and 
spotted seals. In the Atlantic, infection occurs in gray and 
harbor seals. In South America, it has been reported in 
southern sea lions (Otaria byronia); and in Antarctica, it 
occurs in Weddell Weptonychotes weddellii) seals. It has 
been recorded in Mediterranean monk seals (Monachus 
monachus) and in Baikal seals (Osterhaus et al. 1994; 
Nettleton et al. 1995; Becher et al. 2002; Muller et al. 2003; 
Tryland et al. 2005; Bracht et al. 2006; Nollens et al. 2006a,b; 
Toplu, Aydogan, and Oguzoglu 2007; Ohno et al. 2011. As 
far as we are aware, it has not been reported for free-rang- 
ing Australian, New Zealand, or South African pinnipeds. 

A new species of poxvirus related to, but different from, 
the orthopoxviruses caused raised, often ulcerated, skin 
lesions in Steller sea lion pups (Burek et al. 2005; Bracht et 
al. 2006). A non-parapoxvirus was also detected in gray seals 
with skin nodules during a PDV outbreak in the Netherlands 
(Osterhaus et al. 1990). A novel virus distinct from the other 
poxviruses was recently described in two orphaned northern 
and southern sea otters in captive care in California (Tuomi 
et al. 2014). 


Virology 


Poxviruses (family Poxviridae) are large, enveloped, double- 
stranded DNA viruses with very large genomes (130-360 kb) 
that usually encode more than 150 genes, and replicate in 
the cytoplasm (Hughes, Irausquin, and Friedman 2010). The 
Poxviridae family is divided into two subfamilies based on 
the hosts they infect, the Chordopoxvirinae in vertebrates 
and the Entomopoxvirinae in invertebrates. The International 
Committee on Taxonomy of Viruses (CTV 2016) recognizes 
11 separate genera within the Chordopoxvirinae, one of 
which, Parapox, is found in marine mammals. The genus 
“cetacean poxvirus” (CPV) is awaiting acceptance. CPV is 


further divided into at least six separate clusters of poxvi- 
ruses, with cetacean poxvirus-2 (CPV-2) found exclusively 
in mysticetes (Bracht et al. 2006, Blacklaws et al. 2013; 
Barnett et al. 2015; Fioreto et al. 2015). These viruses are 
brick-shaped, about 250 x 200 nm, and have an irregular 
arrangement of tubules on the outer membrane (Geraci, 
Hicks, and St. Aubin 1979; Van Bressem et al. 1993). They 
are antigenically and genetically related to orthopoxvi- 
ruses (Van Bressem, Waerebeek, and Bennett 2006; Bracht 
et al. 2006; Blacklaws et al. 2013; Barnett et al. 2015). The 
Steller sea lion poxvirus is a new species that belongs to an 
uncharacterized genus of Chordopoxvirinae for which the 
name Pinnipedpoxvirus has been proposed (Bracht et al. 
2006). It shares a common, recent ancestor with terrestrial 
poxviruses of the genus Orthopoxvirus (Bracht et al. 2006). 
The sea otter poxvirus is also phylogenetically distinct from 
the other poxviruses at a level consistent with a novel genus 
(Tuomi et al. 2014). 

Pinniped parapoxviruses have the typical morphology 
of parapoxviruses with a regular crisscross arrangement of 
the tubular core filaments (Becher et al. 2002; Tryland et al. 
2005; Nollens et al. 2006a). Phylogenetic analysis of the differ- 
ent strains isolated in seals and sea lions suggests that these 
viruses represent a subclade within the genus parapoxviruses 
and that they may be genetically classified into two types 
related by their habitat, i.e., Pacific or Atlantic types (Becher 
et al. 2002; Tryland et al. 2005; Nollens et al. 2006a,b; Ohno 
et al. 2011). 


Clinical Signs 


“Cetacean poxvirus” (CPV) causes “tattoo skin disease” (TSD), 
a condition characterized by typical, irregular, gray, black or 
yellowish, cutaneous lesions with a stippled pattern that may 
occur on any body part but may show a preferential distribu- 
tion in some species (Figures 17.14 through 17.17). The 


Figure 17.14 Rough toothed dolphin (Canary Islands, Spain), tattoo 
skin disease. (Courtesy of F. Ritter.) 
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Figure 17.15 Hector’s dolphin (New Zealand), tattoo skin disease. 
(Courtesy of P.J. Duignan.) 


Figure 17.16 Burmeister’s porpoise (Peru), tattoo skin disease. 
(Courtesy of M.F. Van Bressem.) 


disease may persist for months or years and recurrence is 
possible (Geraci, Hicks, and St. Aubin 1979; Van Bressem and 
Van Waerebeek 1996; Van Bressem et al. 2003, 2015). TSD 
does not generally seem to have a marked negative health 
impact, but extensive lesions and fatal outcomes have been 
reported (Sweeney and Ridgway 1975; Van Bressem, Gaspar, 
and Aznar 2003; Van Bressem, Van Waerebeek, and Duignan 
2015). 

Pinnipeds infected with parapoxviruses develop firm 
raised skin nodules (1 to 3 cm) that may ulcerate, especially 
on the head, neck, and flippers and/or lesions in the mucosa 
of the oral cavity (Figure 17.18). The cutaneous and mucosal 
lesions generally heal spontaneously over a period of a few 
weeks to 9 months, leaving a slightly raised, gray, alopecic 
scar (Becher et al. 2002; Tryland et al. 2005; Nollens et al. 
2006b). However, cutaneous nodules may be more extensive, 
become infected by opportunistic bacteria, progress, and 
compromise survival (Nettleton et al. 1995). Mucosal lesions 
may cause loss of appetite in pups (Roess et al. 201D. 

Slightly raised, ulcerated plaques were observed on the 
abdomen of a northern sea otter and on the lips of a southern 
sea otter, and the etiology described as a novel poxvirus. The 
lesions regressed over a 2-month period in rehabilitation for 
both animals (Tuomi et al. 2014). 


Figure 17.17 Bottlenose dolphin (USA), skin section at junction of dark 
(left) and pale (right) areas of a tattoo lesion. H&E stain. (Courtesy of P.J. 
Duignan.) 


Figure 17.18 California sea lion (USA), multifocal hyperplastic dermati- 
tis (seal pox). (Courtesy of The Marine Mammal Center, Sausalito, CA.) 


Therapy 


Improved husbandry, adequate water temperatures and sun 
exposure, as well as low population density may reduce the 
occurrence, persistence, and recurrence of TSD in captive 
dolphins (Geraci, Hicks, and St. Aubin 1979; Van Bressem et 
al. 2015). Lesions in pinnipeds and sea otters are generally 
self-limiting, but may be complicated by bacterial infection of 
ulcerated nodules, thus requiring antibiotic therapy. Poxvirus 
from California sea lions was susceptible in vitro to cidofovir, 
a cytosine nucleoside analogue that blocks viral replication 
(Nollens et al. 2008b). This could be a potential therapy for 
infected pinnipeds or for treatment of zoonotic infection. 


Pathology 


In cetaceans, histological examination of tattoo skin lesions 
shows focal swelling and vacuolar degeneration of cells in 
the stratum intermedium, and compaction of adjacent cells 
in this layer Figure 17.17). The overlying stratum externum 
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is increased in depth by the proliferation of flattened cells 
extending into the epidermis, rather than an exophytic pro- 
liferation. The vacuolation of some epidermal cells and com- 
paction and hyperplasia of others accounts for the gross 
appearance of pale foci with dark tattoo-like marks. Viral 
replication occurs in a transitional zone between the swollen 
vacuolated stratum intermedium and the compacted periph- 
ery as indicated by small round to irregular eosinophilic 
intracytoplasmic inclusion bodies. With transmission electron 
microscopy, these are composed of enveloped dumbbell- 
shaped virions (Geraci, Hicks, and St. Aubin 1979; Flom and 
Houk 1979). In more chronic lesions, there is focal pitting 
and disruption of the surface layer, allowing entry of bacteria 
and other opportunists (Geraci, Hicks, and St. Aubin 1979). 
The histological lesions in both otariids and phocids are 
similar and are characterized by exophytic or proliferative 
hyperkeratotic and parakeratotic growth of the stratum spi- 
nosum and corneum (Miller et al. 2003; Nollens et al. 2006a). 
Cell swelling and vacuolation with nuclear degeneration are 
most prominent in the stratum spinosum, and these cells may 
contain variably sized (2 to 15 ym), pale, eosinophilic intra- 
cytoplasmic inclusion bodies (Figure 17.19). There may be a 
mixed inflammatory infiltration in the superficial dermis. In 
northern fur seals and South American sea lions (Olaria byro- 
nia), the skin nodules are composed of compact lobules of 
polygonal epithelial cells that proliferate downward into the 
dermis. These cells have abundant, finely granular, eosino- 
philic cytoplasm, and a round, vesicular nucleus containing a 
prominent nucleolus. A single large round eosinophilic intra- 
cytoplasmic inclusion body may be located in these cells. In 
sea otters, there was also epidermal hyperplasia with rete 
pegs forming deep into the dermis and ulceration or the over- 
lying epidermis. Bollinger-type cytoplasmic inclusions were 


Figure 17.19 Harbor seal (USA), hyperplastic dermatitis, and eosino- 
philic intracytoplasmic inclusions (seal pox), H&E stain. (Courtesy of P.J. 
Duignan.) 


evident with light microscopy and typical pox inclusions with 
transmission electron microscopy (Tuomi et al. 2014). 


Diagnosis 
The stippled pattern and concentric growth of tattoo skin 
lesions is characteristic of cetacean poxvirus infection. 
Poxvirus infection in pinnipeds usually manifests as raised 
cutaneous nodules, usually on the head, neck, and flippers 
that may ulcerate and suppurate (Miller et al. 2003; Nollens 
et al. 2006c). Mucosal lesions may also occur in the mouth 
(Muller et al. 2003; Toplu, Aydogan, and Oguzoglu 2007). In 
pinnipeds, disease is most often seen as outbreaks in cap- 
tive settings, and is most common where large numbers of 
pups or juveniles are housed in close proximity in rehabilita- 
tion centers (Hastings et al. 1989). In sea otters, the lesions 
reported are raised plaques on the skin or buccal labia that 
ulcerate centrally (Tuomi et al. 2014). 


Epidemiology 


Cetacean poxviruses infect odontocetes worldwide. A study 
in 17 species (1,392 individuals) from three oceans and con- 
tiguous seas showed a common pattern for endemic TSD: a 
significant increase in prevalence of tattoo skin disease in 
juveniles compared to calves, presumably due to juveniles, 
which had lost maternal humoral immunity, as well as a sig- 
nificantly higher prevalence in juveniles than in adults, pos- 
sibly because a high percentage of adults had acquired active 
immunity following infection. This epidemiological pattern 
was inverted in odontocetes of poor health status, with 
adults having a higher prevalence of tattoo skin disease than 
juveniles (Van Bressem et al. 2009b). In captive bottlenose 
dolphins, males seem to be more vulnerable to the disease 
than females (Van Bressem et al. 2015). A serological survey 
in 58 small cetaceans caught off Peru in 1993-1995 found 
a very high seroprevalence (between 60% and 100%), cor- 
roborating epidemiological observations (Van Bressem and 
Van Waerebeek 1996; Van Bressem Waerebeek, and Bennett 
2006). 

Pinniped pox- and parapoxviruses have been detected 
in captive, free-ranging, and rehabilitated pinnipeds from the 
eastern Pacific, the Bering and Japan Seas, the Mediterranean, 
the North Sea, the Northeast Atlantic, the Baikal Sea, and 
the Antarctic (Wilson and Poglayen-Neuwall 1971; Hadlow, 
Cheville, and Jellison 1980; Hicks and Worthy 1987, Hastings 
et al. 1989; Osterhaus et al. 1990, 1994; Miller et al. 2003; 
Burek et al. 2005; Tryland et al. 2005; Nollens et al. 2006c; 
Bracht et al. 2006; Toplu, Aydogan, and Oguzoglu 2007; Ohno 
et al. 2011). Parapoxvirus-specific antibodies were detected 
in 10-40% of sera from different seal species from northwest 
Europe, North America, and Siberia, and in 91% (95% CI = 
89-93%) of 761 free-ranging California sea lions, indicating 
that infection is common in pinnipeds (Osterhaus et al. 1994; 
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Nollens et al. 2006c). Nursing California sea lion pups had 
a high seroprevalence (98-100%), suggesting early infection 
or the presence of maternal immunity (Nollens et al. 2006c). 
Outbreaks of disease often occur among rehabilitated pin- 
nipeds, and the incubation period varies between 1 and 
3 weeks (Miiller et al. 2003; Nollens et al. 2006c). Stress and 
immunosuppression may favor the development of clinical 
signs (Tryland 201). 


Public Health Significance 


Pinniped parapoxviruses are zoonotic (Hicks and Worthy 
1987; Clark et al. 2005; Roess et al. 2011), causing nodular 
lesions 3-10 mm in diameter that are often painful and evolve 
slowly. Infected people may experience fever, myalgia, and 
fatigue. Cetacean poxviruses are specific to odontocetes 
and mysticetes, and apparently do not infect humans (Van 
Bressem et al. 2009a). 


Papillomaviruses 


Host Range 


Papillomaviruses (PVs) are generally host- and site-restricted. 
They have been detected by molecular techniques in cutane- 
ous and genital warts of free-ranging Burmeister’s and harbor 
porpoises, common bottlenose, short-beaked, common and 
Atlantic white-sided (Lagenorhynchus acutus) dolphins, and 
killer whales (Rehtanz et al. 2006; Van Bressem et al. 2007; 
Rector et al. 2008; Gottschling et al. 2011; Robles-Sikisaka et 
al. 2012). PV antigen and virus particles consistent with papil- 
lomaviruses were also detected in cutaneous warts of a killer 
whale and a harbor porpoise, genital papillomas of sperm 
whales and dusky dolphins, and in gastric papillomas of belu- 
gas (Lambertsen et al. 1987; De Guise Lagacé, and Béland 
1994; Bossart et al. 1996, 2005, 2015; Van Bressem et al. 1996, 
1999). Lesions morphologically consistent with papillomas 
and fibropapillomas have been described in blue whales, 
Balaenoptera musculus, and narwhal, Monodon monoceros 
(Geraci, Palmer, and St. Aubin 1987). Cases originated from 
the Americas, the Arctic, and Europe. Other papillomaviruses 
have also been detected in captive California sea lions and 
in free-ranging and captive Florida manatees (Bossart et al. 
2002; Rector et al. 2004; Woodruff et al. 2005; Rivera et al. 
2012; Ghim et al. 2014; Zahin et al. 2015). 


Virology 


PVs are small, non-enveloped, double-stranded DNA viruses 
belonging to the family Papillomaviridae (Howley and Lowy 
2001; Rector and Van Ranst 2013). Their 8 kb genome gen- 
erally encodes eight open reading frames (ORFs) classified 
as “early” (E) and “late” (L) genes, according to their tem- 
poral expression, and including three regulatory genes (E1, 


E2, and E4), three potential oncogenes (E5, E6, and E7), and 
two capsid (L1 and L2) genes (Doorbar 2005; Egawa 2005, 
Doorbar and Raj 2007; Mitinger and Howley 2002). More 
than 10 different PVs have been found in Delphinidae and 
Phocoenidae. With the exception of Phocoena PV-3 (genus 
Dyodeltapapillomavirus), all cetacean PVs group into the gen- 
era Omikronpapillomavirus and Upsilonpapillomavirus that 
cluster in a monophyletic group (Van Bressem et al. 2007; 
Rector et al. 2008; Bernard et al. 2010; Gottschling et al. 2011; 
Robles-Sikisaka et al. 2012). Their genomic organization pres- 
ents several unusual features, such as the loss of genes (E7, 
E5) and recombination (Gottschling et al. 201D. Zalophus 
californianus papillomavirus 1 (ZcPV1) is in a clade with 
canine PV-3 and PV-4 (CPV3, CPV4), genus Chipapillomavirus 
(Bernard et al. 2010). The four manatee PVs cluster in the 
Rbopapillomavirus genus (Zahin et al. 2015). 


Clinical Signs 


Marine mammal PVs cause cutaneous, genital, and lingual 
warts and papillomas (Figures 17.20 and 17.21). The 
lesions are single or multiple and may grow to large dimen- 
sions. In dolphins and porpoises, genital PVs (Figure 17.20) 
cause white, gray, black or pinkish, slightly raised, oval or 
circular warts that, generally, show an irregular folded or 
velvety surface (Van Bressem et al. 1996, 2007; Bossart et al. 
2005; Rehtanz et al. 2006; Gottschling et al. 2011). Cutaneous 
warts in odontocetes are raised, smooth, or velvety, and may 
grow quite large (Bossart et al. 1996; Van Bressem et al. 
1999). TmPV-1 induced multiple, pedunculated or sessile 
cutaneous papillomas in manatees, as shown in Figure 
17.21 (Bossart et al. 2002; Rector et al. 2004; Woodruff et 
al. 2005), while TmPV3 and TmPV4 induced multiple, white 
round, superficial, sessile, 2-5 mm diameter lesions in the 
preputial ostium of a captive manatee caught in Florida 
(Ghim et al. 2014). In captive California sea lions, ZcPV1 
caused proliferative, white to pink, often raised, 1-5 mm 
papillomas on the axilla, underside of the tail and prepuce 
(Rivera et al. 2012). 
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Figure 17.20 Burmeister’s porpoise (Peru), penis with papillomas. 
(Courtesy of M.F. Van Bressem.) 
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Figure 17.21 Florida manatee (USA), cutaneous papillomas, dorsal 
aspect right flipper insertion. (Courtesy of US Geological Survey, Sirenia 
Project.) 


Bottlenose dolphins with papillomas were found to have 
hypoferremia, hyperglobulinemia, and hyperalphaglobu- 
linemia, likely associated with an acute-phase inflammatory 
response, and upregulated innate and humoral immunity with 
regard to serologic response to specific pathogens. These were 
concluded to be all possible responses to the tumors and/or the 
viruses associated with the tumors (Bossart et al. 2008). 


Therapy 


There is no specific treatment. Papillomas may persist 
for many years, regress over months to years, or undergo 
neoplastic transformation (Bossart et al. 2005, 2015). In a 
California sea lion, the proliferative lesions regressed sponta- 
neously over a period of several months (Rivera et al. 2012). 
A similar clinical course was observed in a Florida manatee 
with untreated genital papillomas (Ghim et al. 2014). In both 
captive and free-ranging bottlenose dolphins with orogeni- 
tal papillomas, the co-occurrence of benign papillomas and 
squamous cell carcinoma, suggested neoplastic transforma- 
tion in this species (Bossart et al. 2005). Whether neoplastic 
transformation is associated with PV or with a herpesvirus, 
detected by electron microscopy in two cases, is unknown 
(Bossart et al. 2005). 


Vaccine Noninfectious virus-like particles (VLPs) derived 
from the L1 proteins of TtPV1 and TtPV2 were generated 
by Rehtanz et al. (2009) using the baculovirus expression 
system. Both L1 protein types self-assembled into particles 
presenting conformational immunodominant epitopes, and 
elicited serum antibodies against TtPV in rabbits. They were 
considered as potential antigen candidates for a TtPV vaccine 
(Rehtanz et al. 2009). However, further progress in this field 
of study has not been reported. Purportedly, a recombinant 


vaccine candidate for manatee PV1 VLP has also been devel- 
oped (Rehtanz et al. 2009), but results have not yet been 
published. 


Pathology 


For bottlenose, common, and dusky dolphins, orogenital ses- 
sile papillomas are plaques of uniformly proliferating kera- 
tinocytes and occasionally dysplastic keratinocytes, with 
elongation of dermal papillae. The keratinocytes may have 
vacuolated cytoplasm and central or eccentric round vesicular 
nuclei resembling koilocytes of terrestrial mammals infected 
by papilloma viruses. Inclusion bodies were not observed, but 
PV antigen was detectable by immunohistochemistry in dusky 
dolphins and Burmeister’s porpoises (Van Bressem et al. 1996; 
Bossart et al. 2002, 2005). In animals with neoplastic trans- 
formation, the histological features of the invasive and meta- 
static masses were consistent with squamous cell carcinoma 
(Bossart et al. 2005). In manatees, papillomas with a sessile 
plaque-like morphology have been described, along with pap- 
illomas with a more exophytic growth pattern. In both, koilo- 
cytes contained hexagonal viral particles 45-50 um in diameter 
consistent with PV (Bossart et al. 2002). PV antigen was also 
detectable focally in the nuclei of koilocytes and keratinocytes 
of the exophytic papillomas and more diffusely in the kerati- 
nocytes of the sessile papillomas using polyclonal bovine pap- 
illoma virus 1 (BPV-1) antiserum (Bossart et al. 2002). A biopsy 
from a plaque-like papilloma on a captive California sea lion 
had marked hyperkeratosis and formation of rete pegs, but no 
koilocytes or viral inclusions were observed by light or elec- 
tron microscopy (Rivera et al. 2012). 


Diagnosis 


Papillomas are characterized by gross and histological fea- 
tures, and confirmation of PV association can be made by 
immunohistochemical staining of genus-specific capsid anti- 
gen in cells, using a polyclonal serum against disrupted par- 
ticles of BPV-1. Molecular techniques, including PCR, virus 
amplification, cloning, and sequencing, are used to confirm 
this presumption and identify the PV types (Rector et al. 2004; 
Rehtanz et al. 2006; Van Bressem et al. 2007; Gottschling et al. 
2011; Rivera et al. 2012). 


Epidemiology 


Genital papillomas were observed in 66.7% of 78 dusky dol- 
phins and in 485% of 33 Burmeister’s porpoises caught off 
central Peru in 1993-1995 (Van Bressem et al. 1996), in 3 free- 
ranging bottlenose dolphins from Florida (Bossart et al. 2005), 
and in 30% of 263 free-ranging bottlenose dolphins from Cuba 
examined between 2000 and 2010 (Cruz and Barrera 201D. 
They were also commonly seen in odontocetes from the 
United Kingdom (Gottschling et al. 2011) and in captive bottle- 
nose dolphins in Europe and the United States (Bossart et al. 
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2005; Rector et al. 2008). The location and high prevalence of 
the genital warts and the high TtPV-1 antibody prevalence in 
captive (51%, 7 = 35) and free-ranging (90%, m = 80) bottlenose 
dolphins indicate venereal transmission, as in humans (Van 
Bressem et al. 1996, 2007; Rehtanz et al. 2010). Males have a 
higher prevalence of lesions in dusky dolphins and Burmeister’s 
porpoises caught off Peru, in free-ranging bottlenose dolphins 
from Cuba, and in captive bottlenose dolphins (Van Bressem et 
al. 1996; Rehtanz et al. 2010; Cruz and Barrera 2011). Cutaneous 
papillomas have been less frequently reported in odontocetes 
(Bossart et al. 1996; Van Bressem et al. 1999), and their preva- 
lence in free-ranging populations is currently unknown, 

Antibodies against cutaneous TmPV-1 were found in 
26.3% of 156 captive and free-ranging manatees in Florida 
(Dona et al. 201). While free-ranging manatees rarely had 
lesions, papillomas were common (72.7%) in seropositive 
captive animals, possibly because of stress and immunosup- 
pression (Dona et al. 2011). 


Public Health Significance 


PVs of marine mammals are apparently order-specific and do 
not present a zoonotic risk. 


Adenoviruses 


Host Range 


Adenoviruses have been isolated from gastrointestinal sam- 
ples collected from sei and bowhead whales, belugas, bot- 
tlenose dolphins, and harbor porpoises (Smith and Skilling 
1979; Smith et al. 1987; De Guise et al. 1995; Rubio-Guerri 
et al. 2015). They were also recovered from California and 
South American sea lions, South African (Arctocephalus pusil- 
lus) and South American fur seals, Pacific harbor, northern 
elephant and Hawaiian monk seals (Britt, Nagy, and Howard 
1979; Dierauf, Lowenstine, and Jerome 1981, Goldstein et al. 
2011; Inoshima et al. 2013; Wright et al. 2015; Cortés-Hinojosa 
et al. 2015, 2016a; Chiappeta et al. 2016), and polar bears 
(Woods 2001). In mustelids, canine adenovirus-1 (CAdV- 
1) and a novel adenovirus (Genbank ref. KU561553) have 
infected captive Eurasian otters (Lutra lutra) and southern 
sea otters, respectively (Park et al. 2007; Siqueira et al. 2016). 


Virology 


Adenoviruses, family Adenoviridae, are non-enveloped, 
double-stranded DNA viruses with a medium-sized genome 
(26-45 kb) that replicate inside the host nucleus (Harrach et 
al. 2011). The family has five established genera, but all marine 
mammal adenoviruses belong to the genus Mastadenovirus 
(Harrach et al. 2011). Mastadenoviruses infect a wide variety 
of mammalian species, including pinnipeds, cetaceans, and 
otters (Cortés-Hinojosa et al. 2015). A previously unknown 


mastadenovirus, California sea lion adenovirus 1 (abbreviated 
either CSLAdV-1 or OtAdV-1), was isolated from stranded sea 
lions (Goldstein et al. 2011). Similar adenoviruses have been 
identified in either liver samples or feces from a range of cap- 
tive pinnipeds, including a South African fur seal Japan), a 
South American sea lion (Spain), and a Hawaiian monk seal 
(Hawaii; Inoshima et al. 2013; Cortés-Hinojosa et al. 2016a). 
PhAdV-1 (northern elephant seal) and PhAdV-2 (Pacific har- 
bor seal) are more closely related to each than to the other 
Mastadenoviruses, including OtAdV-1. OtAdV-2 (California sea 
lion) is equally distant from all Mastadenovirus species, includ- 
ing OtAdV-1 (Wright et al. 2015). Adenovirus fragments from 
two stranded South American fur seals from Rio Grande do Sul 
State, Brazil, are similar to human adenovirus C (Chiapetta et al. 
2016). Finally, another novel virus, tentatively named Tursiops 
adenovirus-1, has been identified in four captive bottlenose 
dolphins with gastroenteritis (Rubio-Guerri et al. 2015). 


Clinical Signs 


California sea lions that died under rehabilitation were weak, 
emaciated, photophobic, and had abdominal pain and inter- 
mittent and progressive blood-tinged diarrhea, leukopenia, 
and monocytosis (Dierauf et al. 1981. Captive pinnipeds in 
Japan had diarrhea and lethargy with elevated AST and ALT, 
and died after 3 days of illness Inoshima et al. 2013). OtAdV-1 
also occurred concurrently with diarrhea and anorexia in cap- 
tive and stranded California sea lions, but was not associated 
with disease in a captive Hawaiian monk seal (Goldstein et al. 
2011; Cortés-Hinojosa et al. 2015, 2016a). Infection may have 
caused anorexia, diarrhea, and vomiting without changes in 
serum or hematological values in captive bottlenose dolphins 
(Rubio-Guerri et al. 2015). 


Therapy 


There are no specific vaccines and therapy is supportive. The 
killed CAdV-1 vaccine that protected American black bears 
(Ursus americanus) during an adenovirus epidemic in 1983 
(Collins et al. 1984) may represent an approach for captive 
pinnipeds. 


Pathology 


Yearling California sea lions that died in rehabilitation had evi- 
dence of systemic viral replication with intranuclear inclusion 
bodies in endothelial cells of pulmonary arteries and arterioles, 
cornea, conjunctiva, and ciliary body, associated with inflam- 
mation in the respective organs. Livers and kidneys were pale 
and friable with multifocal necrosis and intranuclear inclusion 
bodies (Britt, Nagy, and Howard 1979; Goldstein et al. 2011. 
Intranuclear inclusion bodies were also observed in the hepa- 
tocytes and enterocytes of a South American sea lion (noshima 
et al. 2013) and in the hepatocytes of a Hawaiian monk seal, 
both of which died in captivity (Cortés-Hinojosa et al. 2016a). 
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Table 173 Characteristics of Other Marine Mammal Viruses 


Virus 
Anellovirus 


Astrovirus 


Arboviruses 
(arthropod vector) 

Family Flaviviridae, 
genus Flavivirus 
(West Nile Virus) 


Family 
Togoviridae, 
genus Alphavirus 

Picobirnaviruses 


Picornaviruses 


Rhabdovirus 


Reovirus 


Retrovirus 


Asfarviruses 


Characteristic 


Non-enveloped, 
single-stranded 
RNA viruses 


Non-enveloped, 
positive-sense 
single-stranded 
RNA viruses 

Enveloped, 
positive-sense 
single-stranded 
RNA viruses 


Enveloped RNA 
virus 


Non-enveloped 
double-stranded 
RNA virus 

Non-enveloped, 
positive-sense 
single-stranded 
RNA virus 


Enveloped, 
negative-sense 
single-stranded 
RNA viruses 

Non-enveloped, 
double-stranded 
RNA viruses 


Enveloped, RNA 
viruses 

Reverse 
transcription of 
its genome 


Enveloped, 
double-stranded 
DNA viruses with 
intracytoplasmic 
replication 


Host 


Atlantic harbor seal 
California sea lion (?) 
Pacific harbor seal (?) 
Southern sea otter 
South American fur seal 
Subantarctic fur seal 
Bottlenose dolphins 
Steller sea lions 
California sea lions 
Minke whales 

Harbor seal 

Killer whale (°) 


Southern elephant seal 


California sea lion 
South American fur seal 


Ringed seals 
California sea lions 
South American fur 
seal 
Subantarctic fur seal 
Harbor seal (°) 
Ringed seal (°) 
White-beaked dolphin 
(°) 


Galapagos sea lion 
Galapagos fur seal 
Steller sea lion (*) 
South American fur 
seal 
Subantarctic fur seal 
California sea lion (3) 
Killer whales (") 
Southern sea otter 
Indo-Pacific bottlenose 
dolphin (°) 
Polar bear (') 


California sea lions 


Clinical Signs or 
Pathology 


(?) lsolated from lung 
tissue, associated 
with pneumonia 


Unknown in marine 
mammals 


Anorexia, depression, 
diarrhea, vomiting, 
dyspnea, head 
tremors, muscular 
stiffness, anemia, 
leukopenia, 
meningoencephalitis 

(°) Unexpected death, 
nonsuppurative 
encephalitis 

Unknown 


Unknown in marine 
mammals 


Unknown 

(°) Related with a UME 
caused by avian 
influenza virus 
subtype H3N8 


(*) Aggressive behavior 
(°) Unknown 


(f) Necrosuppurative 
placentitis (isolated 
from fetus and 
placenta) 


(2) Alopecia 
(") Endogenous 


Unknown in marine 
mammals 


Diagnosis 
Next-generation 
sequencing, 
serology 


EM, molecular 
diagnosis (no 
virus isolation) 


RT-PCR, indirect 
peroxidase 
immunostaining, 
microarray, and 
serology 


EM, serology, 
virus isolation, 
RT-PCR 

Next-generation 
sequencing 


RT-PCR and 
next-generation 
sequencing 


Direct fluorescent 
antibody (DFA), 
EM, virus 
isolation 

Virus isolation, 
EM, RT-PCR, 
and next- 
generation 
sequencing 


Virus isolation, 
EM, RT-PCR, 
sequencing 


Next-generation 
sequencing 


References 


Ng et al. 2009, 
2011; Bodewes 
et al. 2013a; Kluge 
et al. 2016; 
Siqueira et al. 
2016 

Rivera et al. 2010; 
Li et al. 2011 


Del Piero et al. 
2006; St. Leger 
et al. 2011 


La Linn et al. 2001 


Li et al. 2011; Kluge 
et al. 2016 


Kapoor et al. 2008; 
Li et al. 2011; 
Anthony et al. 
2015; Kluge et al. 
2016 


Odegaard and 
Krogsrud 1981; 
Osterhaus et al. 
1993 

Coria-Galindo et al. 
2009; Palacios 
et al. 2011; Kluge 
et al. 2016 


Kennedy-Stoskopf 
et al. 1986; 
LaMere et al. 
2009; Mayer et al. 
2013; Wang et al. 
2013; Siqueira 
et al. 2016; 

Li et al. 2011 


(Continued) 
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Table 17.3 (Continued) Characteristics of Other Marine Mammal Viruses 


Host 


New Zealand 
South American and 
Subantarctic fur seal 


Virus Characteristic 


Circovirus Non enveloped 
circular single- 


stranded DNA 


viruses Southern sea otter 
Hepadnavirus Enveloped, Pacific white-sided 
double-stranded dolphin 
DNA viruses 
Parvoviruses Non-enveloped, Harbor seal 
single-stranded Gray seal 


California sea lion 
Southern sea otter 
South American fur 
seal 
Subantarctic fur seal 
Northern fur seal 
California sea lion 
Hawaiian monk seal 


DNA viruses 


Polyomavirus Non-enveloped, 
double-stranded 


DNA viruses 


Clinical Signs or 


Pathology References 


Sikorski et al. 2013; 
Chiappetta et al. 
2016; Siqueira 
et al. 2016 

Bossart et al. 1990 


Diagnosis 
Unknown in marine 
mammals 


Next-generation 
sequencing 


Chronic active 
hepatitis, dermatitis 


Serology (no 
virus isolated) 


Mostly unknown in 
marine mammals, but 
associated with 


Li et al. 2011; 
Bodewes et al. 
2013a, 2014; Phan 


Next-generation 
sequencing 


central nervous et al. 2015; 
system infection and Siqueira et al. 
inflammation in a 2016; Kluge et al. 
harbor seal 2016 


Unclear (in pinnipeds), 
detected on placental 
tissue 


PCR, EM, in-situ 
hybridization 


Colegrove et al. 
2010; Duncan et 
al. 2013; Anthony 


(‘) Common dolphin (‘) Tracheobronchitis et al. 2013; 
Southern sea otter Cortés-Hinojosa 
Weddell seal et al. 2016a; 
Siqueira et al. 
2016; Varsani et 
al. 2017 
Phopivirus Single-stranded Harbor seal Unclear High-throughput Anthony et al. 2015 
RNA virus sequencing 
Diagnosis was detected in 29% of archival tissues from 69 southern sea 


Light and electron microscopy (EM) are used to detect viral 
inclusion bodies and the presence of lesions. Serological tests 
revealed the presence of antibodies against CAdV-1 and -2 in 
captive bottlenose dolphins (Rubio-Guerri et al. 2015). Marine 
mammal adenoviruses were isolated in various cell lines (see 
the section “Virus Isolation”). Viral DNA may be detected by 
PCR techniques in the feces of affected animals and in for- 
malin fixed tissues (Goldstein et al. 2011; Rubio-Guerri et al. 
2015; Cortés-Hinojosa et al. 2017). 


Epidemiology 


Most adenoviruses have a narrow host range and are restricted 
to one species and its close relatives. However, some like CAVs 
and otarine AdV have a broader host range and affect different 
species in the same order or clade (Wevers et al. 2011; Inoshima 
et al. 2013; Cortés-Hinojosa et al. 2016a). CSLAdV-1 has been 
identified in captive and free-ranging pinnipeds from Asia and 
North America (Goldstein et al. 2011; Inoshima et al. 2013). 
Outbreaks among captive pinnipeds and cetaceans suggest a 
fecal-oral mode of transmission (Inoshima et al. 2013; Rubio- 
Guerri et al. 2016). The prevalence of CSLAdV-1 in fecal samples 
from free-living California sea lions is similar to that of cap- 
tive animals (Cortés-Hinojosa et al. 2017). Adenovirus infection 


otters stranded over a 14-year period along the coast of central 
California, suggesting endemic infection (Siqueira et al. 2016). 


Public Health Significance 


There is no known risk to people in contact with infected 
marine mammals. 


Other Viruses 


Several additional viruses have been isolated from or oth- 
erwise identified in marine mammals, but the clinical sig- 
nificance of these infections in either free-living or captive 
animals is less well understood (see Table 17.3). 
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Introduction 


Some bacteria and associated diseases have been detected in 
marine mammals for several decades, while reports of others 
appear to be increasing, either due to a genuine increase in 
incidence or due to increased interest by investigators. The 
latter may be applicable to Brucella spp., the wide distribu- 
tion of which suggests it has been present for a long time, 
yet was not identified in marine mammals until 1994. Thus, 
increased diagnostic efforts, including improved and new 
diagnostic techniques (e.g., targeted cultivation techniques, 
PCR and sequencing, phylogeny, etc.), as well as a search 
for association between presence of infectious agents and 
lesions, may reveal infections and disease conditions that 
hitherto were unrecognized. Bacterial characterizations using 
genomic sequencing and phylogenetic studies have improved 
speciation, and consequently, changes in affiliation and nam- 
ing of organisms have occurred. For example, the bacterium 
Trueperella pyogenes was previously named Arcanobacterium 
pyogenes, Corynebacterium pyogenes, and Actinomyces pyo- 
genes, yet its ability to create abscesses and their characteris- 
tic smell remain the same. The challenge in studying marine 
mammal bacterial infections is determining the associations 
between organism and disease. A recent review of marine 
mammal disease reports in North America from 1972 to 2012 
concluded that about 20% of cases were associated with bac- 
teria (Simeone et al. 2015). Of these cases, 63% (7 = 4,198) 
were associated with clinical disease, whereas the remaining 
isolates were obtained without indication of clinical disease, 
and the cultures were dominated by mixed flora or were 
established to investigate antibiotic-resistant organisms. The 
goal of this chapter is to summarize information on the most 
clinically relevant bacterial infections and diseases in marine 
mammals, while providing the reader with references to more 
in-depth sources where available. 
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Antibiotic Resistance 


Treatments are discussed in more detail in Chapters 27 and 
40 through 45 of this book, but the use of antibiotics associ- 
ated with a few specific bacterial infections is also mentioned 
in this chapter. Here it is important to call attention to anti- 
biotic resistance, which has been detected in the microbiota 
of many wildlife species, including marine mammals, and is 
becoming of increasing importance worldwide. The use of 
antibiotics in human and veterinary medicine exposes micro- 
biota to antimicrobial compounds, and thus contributes to the 
development and global dissemination of antibiotic resistance, 
including in wildlife species (Arnold, Williams, and Bennett 
2016; Carvalho and Santos 2016). Many marine mammals are 
migratory animals that may conduct seasonal migrations of 
thousands of kilometers (Glover et al. 2010; Martinez-Bakker 
et al. 2013; Garrigue et al. 2015). On such migrations, these 
animals are exposed to many different waters, with effluents 
from a diversity of communities. They may thus be exposed 
to not only a range of potential pathogens but also a wide 
variety of antibiotics (Arnold, Williams, and Bennett 2016). 
Selection of antibiotic-resistant bacteria through the prophy- 
lactic use of antibiotics in aquaculture may be an increasing 
problem in South America and may account for the emer- 
gence of unusual cutaneous conditions and diseases. 

A study of northern elephant seals Wirounga angustiros- 
tris) that had stranded along the California coast revealed that 
they were colonized by antimicrobial-resistant pathogens, 
such as E. coli, Salmonella spp., and Campylobacter jejuni. 
These bacteria, or their antimicrobial resistance genes, are 
probably from a terrestrial source, from municipal, industrial, 
and agricultural effluents (Stoddard et al. 2008). In a study 
of fecal coliforms isolated from sewage, surface water, and 
seawater (Baltic Sea), about one third of the isolates were 
found to be resistant to one or more antibiotic drugs (Niemi, 
Sibakov, and Niemela 1983). 

With treatment of marine mammals, it is sometimes con- 
venient to use broad-spectrum antibiotics and long-lasting 
preparations, and to administer a single injection in an animal 
that refuses to eat, so that an antibiotic effect is achieved for 
a full treatment period. However, it is important to have some 
knowledge of the drug’s pharmacokinetics and to consider 
potential for development of antibiotic resistance, because 
this is a global threat to the effective treatment of an ever- 
increasing range of bacterial infections in human and veteri- 
nary medicine, and one of the most important challenges to 
the health-care sector in the twenty-first century (Allen et al. 
2010; Laxminarayan et al. 2013; Carvalho and Santos 2016). 


Sampling for Bacteriology 


Samples for bacteriology are collected from marine mammals 
as part of a routine diagnostic approach, as well as for research 
surveys. Sometimes it is possible to detect known pathogenic 


bacteria associated with specific and typical clinical signs 
and lesions associated with the bacteria species in question. 
One such example is the discovery of Mycobacterium pin- 
nipedii in seals with a history of weight loss and, at nec- 
ropsy, granulomas in multiple organs (Forshaw and Phelps 
1991, tuberculosis). In these cases, the causal link between 
the bacteriological findings and the disease may be obvious, 
or at least plausible. However, bacterial cultures may often be 
of a mixed character, giving few clues as to the associations 
with the clinical symptoms or lesions in the sampled animal. 
In such cases, it is challenging to evaluate the significance of 
the bacteriological findings (i.e., whether they simply reflect 
normal or opportunistic bacterial flora, or if they contribute 
to the disease, without necessarily being the primary cause). 
For example, viral infections may destroy mucosa, making 
it possible for bacteria to establish secondary infections (see 
Chapter 17). 

It is also important to keep in mind that swab samples 
obtained for bacteriological culture are easily contaminated 
from other surfaces not intended for sampling, and could also 
be postmortem contaminants. In addition, the sample may 
be affected by temperature and other environmental condi- 
tions during collection, storage, and transport, and by culture 
conditions in the laboratory (i.e., temperature, oxygen or CO, 
atmosphere, media). 

An important challenge when conducting routine bacte- 
riology investigations is the incubation time, as well as media 
type, and incubation conditions. In many routine diagnos- 
tic laboratories, it is quite common to evaluate the cultures 
after 2-4 days of incubation and then discard the cultures. 
However, some pathogens may be outcompeted by fast grow- 
ing bacteria and will not be identified in a mixed culture 
if not reseeded, unless selective growth media are used. 
Further, very slow growing bacteria, such as Brucella spp. 
and Mycobacteria spp., must be incubated for a week or more 
before becoming recognizable colonies. 

Additional techniques beyond culture, such as PCR, mito- 
chondrial and gene sequencing, and immunohistochemistry, 
may be very helpful in identifying and localizing the agent 
in tissues and running phylogenetic analyses. A summary 
of approaches for sampling for these techniques is given in 
Table 18.1. 


Bacterial Diseases Associated 
with Organ Systems 


Septicemia 


Septicemia often results from dissemination of a localized 
infection (e.g., abscess, peritonitis, pneumonia) into the vas- 
culature. Overwhelming bacterial infection or inappropriate 
immune response to invading pathogens can lead to sepsis. 
Further, the immune response triggered by the infection may 
cause septic shock. Such septicemic crises can develop so 
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Table 18.1 Sampling for Bacteriology 
Bacteria Organ/Tissue Sample Type Detection Method 
Gram-negative Any, especially liver, Swab into transport media Culture on MacConkeys. 
coliforms spleen, lung, 
intestine 


Brucella spp. Lung, lymph node, 


testis, placenta, brain 

Mycobacterium spp. _ Tubercles, lymph 

nodes, mucus/ 
sputum 


Erysipelothrix Gross lesions (skin, 
rhusiopathiae lung, lymph nodes) 
Vibrio spp. Internal organs 


displaying pathology, 

skin lesions 
Granulomatous 

lesions, abscesses 


Nocardia spp. 


Samples for cultivation 


Frozen negative 70°C 


Pathologic lesions (tubercles), 
mucus/sputum/mucus/tracheal 
wash (cultivation) 

Samples for cultivation and 
histology (formalin) 

Frozen tissue, swab samples 


Histology or cytology 


Prolonged culture on Farrell’s 
medium and blood agar, 
PCR, immunohistochemistry. 

Prolonged culture (different 
types of special media), 
Ziehl—Neelsen staining. 

Cultivation (blood agar), 
histology (HE-staining). 

Culture on LB agar or 
selective media (TCBS, 
TTGA). 

Acid-fast (or partially acid- 
fast) branched filaments are 
presumptive evidence of 
infection. 

Blood or chocolate agar, 
selective medium (BCYE). 
Prolonged culture up to 
2-3 weeks. 


rapidly that an animal can die within hours of eating well and 
otherwise acting normal. Most cases of septic shock result 
from endotoxin-producing Gram-negative bacteria such as 
Escherichia coli and Pasteurella spp., hence the term “endo- 
toxic shock.” Use of antibiotics with slow bactericidal activ- 
ity may exacerbate the situation and actually promote the 
release of endotoxin and the induction of endotoxic shock. 
Commonly employed antibiotics in marine mammal medi- 
cine (quinolones, aminoglycosides, later-generation cephalo- 
sporines) do not exhibit this propensity. Due to the acute or 
peracute nature of septicemia, cases in free-ranging animals 
are difficult to document, and most of the available reports 
are in captive marine mammals. Recognition of bacterial dis- 
ease in marine mammals frequently represents a diagnostic 
challenge. In cases where clinical signs indicate a problem, 
even prompt initiation of appropriate therapy is often not suc- 
cessful. In cases of nonperacute death, significant necropsy 
findings may involve many organ systems, including pete- 
chial and ecchymotic hemorrhage and diffuse intravascular 
coagulation. 

The list of bacteria associated with septicemia, or those 
isolated from several tissues in stranded and captive ceta- 
cean and pinniped species, includes Gram-negative iso- 
lates from the genera Aeromonas spp., Edwardsiella spp., 
E. coli, Pasteurella spp., Pseudomonas spp., Salmonella 
spp., and Vibrio spp. The following Gram-positive bacte- 
ria have also been recovered in association with septice- 
mia: Corynebacterium spp., Erysipelothrix rhusiopathiae, 
Nocardia spp., Staphylococcus spp., and Streptococcus 


spp. (Thornton, Nolan, and Gulland 1998; Higgins 2000; 
Mignucci-Giannoni and Odell 2001; Chinnadurai et al. 2009; 
Cools et al. 2013; Perez et al. 2015). 

Reports of other bacterial agents isolated from mul- 
tiple organs in single individuals and/or species include 
Abiotrophia balaenopterae in a minke whale (Balaenoptera 
acutorostrata, Lawson et al. 1999), Actinobacillus scotiae 
from three harbor porpoises (Phocoena; Foster et al. 1998), 
Actinomyces bovis from an Atlantic bottlenose dolphin 
(Tursiops truncatus, Sweeney et al. 1976), Arcanobacterium 
phoca from a gray seal (Halichoerus grypus, Ramos, Foster, 
and Collins 1997), Clostridium perfringens from an Atlantic 
bottlenose dolphin (Buck and Shepard 1987), Pseudomonas 
putrefasciens from a beluga (De/phinapterus leucas, De Guise 
et al. 1995), Arizona spp. from a California sea lion (Zalophus 
californianus), Klebsiella pneumonia from a pilot whale 
(Globicephala melas, Howard et al. 1983), and Citrobacter 
spp. from a northern elephant seal Wirounga angustirostris) 
and Cuvier’s beaked whale (Ziphius cavirostris, Howard et al. 
1983; Fernandez et al. 2011). 

In some cases, the reason for death in stranded animals 
is determined, and pathological findings are consistent with 
initial disease processes that can lead to septicemia. In others, 
however, bacteria can be isolated from multiple organs with- 
out associated pathology. In stranded marine mammals on 
Cape Cod and southeastern Massachusetts (USA), from 2000 
to 2006, the disease processes most frequently found across 
species were bacterial pneumonia and sepsis/bacteremia sec- 
ondary to pyoderma (Bogomolni et al. 2010). 
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Sepsis is also described in sea otters (Enhydra lutris). 
One out of three described unusual mortality events (UMEs) 
involving sea otters was caused by infection with Streptococcus 
bovis/equinus, leading to sepsis and cardiac damage (Murray 
2014). Salmonella spp., Streptococcus phocae, and Vibrio spp. 
are also described as being associated with sepsis in sea 
otters (Miller et al. 2010; Murray 2014; Bartlett et al. 2016). 


Respiratory Disease 


Bacterial infections of the respiratory system are important 
causes of morbidity and mortality in marine mammals, with 
pneumonia being a common finding in stranded marine mam- 
mals; yet, the role of bacteria in the pathogenesis of the dis- 
ease may be difficult to determine. Bacteria are often present 
with viruses and parasitic infections, and it can be difficult 
to establish whether the bacterium is a primary or secondary 
pathogen. The upper and lower respiratory anatomy of ceta- 
ceans is designed for rapid exchange of large volumes of air 
but the anatomical conformation may also predispose to infec- 
tions (see Chapter 26). 

Among stranded harbor porpoises along the coastlines 
of Belgium and France (1990-2000), acute bronchopneumo- 
nia, characterized by large areas of pulmonary consolidation 
with hemorrhagic or purulent fluid in the lung paren- 
chyma, was the second most common finding after ema- 
ciation (Jauniaux et al. 2002). Bacterial species recovered 
included £. coli, a nonhemolytic Staphylococcus sp., a hemolytic 
Streptococcus sp., Aeromonas hydrophila, Proteus vulgaris, 
and Pseudomonas spp. Parasitic infestation was present in all 
cases of bacterial infection. Similarly, among stranded sub- 
adult and adult harbor porpoises from Germany’s North and 
Baltic Seas (1991-1996), pneumonia was considered the cause 
of death in 46% of the 133 cases (Siebert et al. 2001). Most 
of the respiratory lesions in these porpoises were caused by 
parasites, confounded by secondary bacterial infection (espe- 
cially &-hemolytic streptococci). 

Parsons and Jefferson (2000) reported that nearly one- 
third of the finless porpoises (Veophocoena phocoenoides) 
they examined from Hong Kong waters showed moderate 
to heavy lungworm infestations, and they were able to iso- 
late 15 species of bacteria from nine animals in their study. 
Bacterial pneumonia is also reported to be the principal 
cause of death in cetaceans in Hawaiian waters (Howard 
et al. 1983). A 30-year retrospective study of pneumonia in a 
population of bottlenose dolphins from the US Navy Marine 
Mammal Program showed that 50% of the dolphins evaluated 
had pneumonia confirmed by histopathology (Venn-Watson, 
Daniels, and Smith 2012). Bacterial pneumonia was present 
in 43% of the cases, with Staphylococcus aureus as the most 
common confirmed pathogen. Other bacterial pathogens 
identified were Erysipelotbrix rhusiopathiae, Proteus spp., 
Pseudomonas aeruginosa, and Streptococcus zooepidemicus. 
While many of the infections involved disseminated disease, 
lungs were consistently most severely affected. 


Pneumonia was the second most common finding in 
stranded California sea lions along the central and northern 
California coast in 1984-1990 (Gerber et al. 1993), and Sweeney 
and Gilmartin (1974) diagnosed pneumonia in nearly 80% of 
the California sea lions they examined. Pneumonia contin- 
ued to be a common finding in stranded harbor seals (Phoca 
vitulina), elephant seals, and California sea lions admitted to 
The Marine Mammal Center, California (USA), in 1994-1995 
(Thornton, Nolan, and Gulland 1998). Gross lesions included 
congestion and consolidation of the lungs, and occasionally 
interstitial edema and emphysema. Histopathologic examina- 
tion revealed collapsed and atelectic alveoli, cellular infiltrates 
within the intralobular and alveolar septa, and nematodes 
within the alveoli or arterioles of the lung. The most common 
bacterial isolates were Klebsiella spp., E. coli, Proteus spp., 
Pseudomonas spp., S. aureus, Salmonella spp., Aeromonas 
spp., and 8-hemolytic Streptococcus spp. 

Three Mycoplasma species, M. phocidae, M. phocarbinis, 
and M. phocacerebrale, were isolated from harbor seals dur- 
ing pneumonia epizootics along the New England Coast (USA) 
in 1979-1980 and in the Baltic and North Seas in 1988-1989. 
The significance of Mycoplasma infection in seals is uncer- 
tain, since it has been isolated from both healthy and diseased 
individuals, but it has been suggested that these bacteria may 
coinfect with other agents and thus contribute to clinical dis- 
ease (Tryland 2000). Mycoplasma spp. may be the most com- 
monly transmitted pathogenic bacterium from seals to humans, 
being associated with the disease “seal finger” (“blubber fin- 
ger,” “speck finger”; Tryland et al. 2014; see Chapter 4). 

Bacterial respiratory disease in pinnipeds is often accom- 
panied by coughing, but is infrequently observed in dol- 
phins until a significant portion of the lung field is damaged 
(see Chapter 39). Unilateral pneumonia or large pulmonary 
abscesses in cetaceans often result in an animal listing to 
the side of the damaged lung. This finding is not universal, 
however; one cetacean had been observed with a large vol- 
ume unilateral pleural effusion and associated total lung col- 
lapse, yet had no predisposition to list to the affected side. 
Nasal or blowhole swabs and exhalation plates will aid in 
identifying pathogens, as will cytological analysis of sputum. 
Bronchoalveolar lavage during bronchoscopic procedures has 
also proved useful in cetaceans (see Chapter 25). 

For treatment of bacterial respiratory disease, antibiotic 
selection should follow routine culture and characterization 
of sensitivity. Treatment must often begin before results from 
these tests are available; thus, antibiotics with a broad spec- 
trum and strong activity against Gram-negative organisms are 
often used initially. In pinnipeds, oxygen supplementation, 
bronchodilators, and mucolytic agents have proved useful 
during treatment of some bacterial respiratory diseases. 


Dermatological Disease 


Many bacterial skin disorders follow a primary viral, parasitic, 
or traumatic insult. Of stranded cetaceans from British waters, 
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69% were found to have skin lesions, with wounds and other 
injuries being the most common (Baker 1992). 

Trueperella pyogenes (previously Arcanobacterium pyo- 
genes) is an important cause of pyogenic infections in ter- 
restrial animals and humans, commonly associated with 
mixed infections of wounds. However, it is often cultured 
from mucous membranes of healthy animals and humans 
(Funke et al. 1997). In recent years, phylogenetically similar 
bacteria have been isolated from marine mammals, includ- 
ing Arcanobacterium phocae from harbor seals and gray 
seals (Halichoerus grypus), and Arcanobacterium plurani- 
malium from harbor porpoises (Ramos, Foster, and Collins 
1997, Lawson et al. 2001). A total of 141 A. phocae isolates 
were recovered from stranded marine mammals along the 
central Californian coast, including California sea lions, 
northern elephant seals, harbor seals, common dolphins 
(elphinus delphis), and southern sea otters (Johnson et al. 
2003). The bacteria were isolated from abscesses (subcuta- 
neous, periodontal, periorbital, umbilical), wounds, the ear 
canal, and ocular, nasal, and tracheal discharges. Of the 
43 cetaceans that were examined, only one isolate of A. pho- 
cae was recovered from the lung of a dead, frozen-thawed 
common dolphin from Monterey Bay (California) that died 
due to severe pulmonary abscesses. Arcanobacterium phocae 
isolates from these marine mammals were often present as 
part of a mixed bacterial infection together with Escherichia 
coli and s-hemolytic Streptococcus spp. Other bacteria iso- 
lated included Enterococcus spp., Proteus spp., S. aureus, 
Streptococcus viridans, Pseudomonas spp., Corynebacterium 
spp., and Klebsiella spp. Because A. phocae and Listeria iva- 
novii are similar in phenotypic and biochemical characteris- 
tics, a retrospective study of microbiological records revealed 
that A. phocae was probably cultured from stranded marine 
mammals in California as early as 1994, but likely had been 
misidentified as LZ. ivanovii due to limitations in available 
phenotypic tests johnson et al. 2003). 

Many other reports of bacterial isolations from skin 
lesions exist. Rand (1975) described an epizootic in Galapagos 
sea lions (Zalophus californianus wollebaeki) that resulted in 
numerous deaths. Suppurative cutaneous nodules were a hall- 
mark of the disease, and P. aeruginosa was the predominant 
organism recovered from nodular pus as well as from blood. 
Aeromonas hydrophila has been isolated in association with 
ulcerative dermatitis in a bottlenose dolphin (Cusick and 
Bullock 1973). Similar ulcerative lesions have been described 
in coastal dolphins in Chilean Patagonia, although the etiol- 
ogy was unknown (Mirand and Zemelman 2002; Sanino et 
al. 2014). 

The International Whaling Commission has reported that 
the following bacteria were isolated from ulcerative dermati- 
tis, pyogranulomatous dermatitis and panniculitis, diamond 
skin disease, and slow-healing ulcers and abscesses in ceta- 
ceans: Dermatophilus spp., Erysipelothrix rbhusiopathiae, 
Mycobacterium marinum, Pseudomonas spp., Streptococcus 
iniae, and Vibrio spp. (Van Bressem et al. 2008). Aeromonas 


spp., M. marinum, Pseudomonas spp., and Vibrio spp. are 
normally present in the marine environment, while £. rhusio- 
pathiae and S. iniae are fish pathogens that may also infect 
dolphins. 

Most bacterial species can be opportunistic pathogens, 
exploiting weaknesses in the host’s defense to initiate an 
infection. Importantly, as dermatological lesions often are 
infected with bacteria in the animals’ environment, it may be 
helpful to sample and investigate bacteria in a nearby area of 
normal skin in addition to the lesion. 

Mullan (1991) suggested that at least some of the bacterial 
species cultured from the skin of bowhead whales (Balaena 
mysticetus) were pathogenic, and that Rhodococcus equi, 
Corynebacterium pseudotuberculosis, and Moraxella spp. 
had the greatest potential to be the etiological agents of bow- 
head skin lesions. 

Dermatophilus congolensis is known to cause a cutane- 
ous disease in South American sea lions (Otaria flavescens; 
Medway 1980). The disease usually involves the entire body 
and is characterized by prominent layered scabs involving 
haired areas. Mortality is low, but morbidity is high. Previous 
reports of dermatophilosis in marine mammals also include 
descriptions of lesions in captive polar bears (Ursus mari- 
timus; Smith and Cordes 1972; Smith 1973; Newman et al. 
1975). More recently, cutaneous lesions associated with 
Dermatophilus-like bacteria have been described in six belu- 
gas from the St. Lawrence estuary (Mikaelian et al. 2001). 
All six animals presented similar lesions consisting of slightly 
depressed, round areas that were 0.5-—4 cm in diameter with 
a dull surface and pale gray coloration. On cross section, the 
epidermis in these areas was 80% of its normal thickness. 
Microscopic examination revealed severe spongiosis and vac- 
uolar degeneration of the stratum spinosum in affected areas, 
with Gram-positive coccoid organisms that covered the sur- 
face of the lesions, extending into the stratum corneum. 


Urogenital Disease 


Other than leptospirosis and Brucella infections, there have 
been few reports of bacterially induced diseases of the uro- 
genital system of marine mammals. Pyometra and metritis 
have been reported in wild, stranded California sea lions 
from which a pure culture of Edwardsiella spp. was isolated 
in one case, and another had a mixed infection (Howard et 
al. 1983). Streptococcus phocae was isolated from a spotted 
seal (Phoca largha) with pyometra in Alaska (Hueffer et al. 
2011). Pyometra with diffuse fibrinopurulent peritonitis was 
described in a captive dugong (Dugong dugon) from which 
Aeromonas spp. and Pseudomonas spp. were isolated from 
the uterus (Chansue, Monanunsap, and Sailasuta 2006). At 
Mystic Aquarium (Connecticut, USA), there have been three 
pinniped deaths associated with urogenital disease of bacte- 
rial origin over 25 years. These have included an adult male 
California sea lion with a mixed bilateral pyelonephritis sub- 
sequent to a bite on the penis, an aged northern fur seal with 
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a mixed bacterial pyometra, and an adult harbor seal with a 
postpartum Streptococcus spp. metritis and septicemia (Dunn 
et al. 2001). A mixed bacterial pyometra in a Steller sea lion 
(Eumetopias jubatus) responded well to drainage, antibiotics, 
and prostaglandin therapy. (Dunn et al. 2001) 

A high prevalence of urogenital carcinomas has been 
observed in California sea lions (Gulland et al. 1996). The 
etiology of these is unknown but believed to be multifac- 
torial and associated with herpes infection, genetics, and 
contaminant exposure, but 8-hemolytic Streptococcus spp. 
were associated with carcinomas in females and may be 
common infections of urogenital abscesses (Johnson et al. 
2006). Different bacterial species have been isolated from 
kidneys in belugas showing concomitant pathology in sepa- 
rate organ systems, as well as urogenital associated tissues: 
Pseudomonas putrefaciens in an individual with fibrinopuru- 
lent peritonitis, epididymitis, and testicular necrosis; E. coli in 
an individual with adrenal cysts; Morganella morganii in an 
individual with diffuse segmental glomerulopathy and hyper- 
acute cystitis; Vibrio parahaemolyticus and Edwardsiella 
tarda in an individual with hemorrhagic segmentary enteri- 
tis; and Aeromonas hydrophila in an individual with sub- 
acute mastitis (De Guise et al. 1995). 

Yet more bacterial species can be isolated from the uro- 
genital system, although their pathological significance is 
unclear. Actinobacillus delphinicola has been isolated from 
the cervix and uterus, and monophasic group B Salmonella 
spp. from the kidney, urethra, epidydimis, and penile sheath 
of harbor porpoises (Foster et al. 1996b, Foster, Patterson, and 
Monro 1999). 


Gastrointestinal Disease 


Clostridial enterotoxemia and myositis appear to pose a con- 
siderable risk to captive cetaceans and pinnipeds (Greenwood 
and Taylor 1978). Enterotoxemia caused by Clostridium per- 
Jringens has been described in captive Steller sea lions, north- 
ern fur seals, belugas (Hubbard 1968), and in a pilot whale 
(Globicephala melas, Klontz 1970). Little is known about 
the occurrence of C. perfringens and of diseases caused by 
this bacterium in free-living marine mammals. Clostridium 
perfringens is associated with enteritis in wild harbor seals 
(Siebert, Prenger-Berninghoff, and Weiss 2009); however, the 
bacterium has also been isolated from healthy hooded seals 
(Cystophora cristata) from the Greenland Sea (Aschfalk and 
Muller 2001) and from fur seals from St. Paul Island, Alaska, 
and San Miguel Island, California (Vedros, Quinlivan, and 
Cranford 1982). Clostridium perfringens is widespread in ter- 
restrial and aquatic ecosystems (Haagsma 1991), where it is 
found in the environment but also in the intestinal tract of 
humans and animals. Seasonal changes and type of nutri- 
tion are important risk factors for C. perfringens enterotox- 
emia in terrestrial animals, and similar disease patterns in 
marine mammals are hypothesized (Hubbard 1968; Aschfalk 
and Muller 200D. Ideal conditions for Clostridia infections are 


provided by the combination of devitalized tissue, anaerobic 
conditions, and high glucose concentrations found in diving 
mammals (Lauckner 1985). Marine mammals are opportu- 
nistic feeders and consume a wide variety of organisms. A 
sudden change to abundant food containing large amounts 
of carbohydrates and/or proteins may create optimal growth 
conditions for C. perfringens in the small intestine, eventu- 
ally producing huge quantities of toxins that may lead to an 
outbreak of fatal enterotoxemia. Vaccination against clos- 
tridial disease was performed in captive marine mammals 
(Greenwood and Taylor 1978) and has been performed in sea 
lions and fur seals, killer whales (Orcinus orca), and beluga 
whales, although no vaccines are licensed for use in marine 
mammals (Hubbard 1968, Hartman 1976; Klontz 1970). Except 
for clostridial enterotoxemia, primary gastrointestinal disease 
of bacterial origin is unusual in captive marine mammals. 

Salmonella spp. are often isolated from the digestive 
system of marine mammals (Foster, Patterson, and Monro 
1999; Smith, Mazet, and Hirsch 2002; Stoddard et al. 2005), 
but their clinical significance is not always clear. Infection 
with S. enteritidis was considered a significant cause of fur 
seal pup mortality on the Pribilof Islands of Alaska (Jellison 
and Milner 1958), but not in fur seals or California sea lion 
pups on San Miguel Island, California (Gilmartin, Vainik, and 
Neill 1979). Salmonella spp. were isolated from liver samples 
of septicemic animals (e.g., elephant seals, California sea 
lions, and harbor seals), but there are no concurrent data 
on gastroenteritis from these animals (Thornton, Nolan, and 
Gulland 1998). Salmonella Newport was also isolated from 
the small intestine and mesenteric lymph nodes of a stranded 
harbor porpoise with Salmonella septicemia (Norman et al. 
2004). 

Gastritis and gastric ulcers are well-recognized symp- 
toms in cetaceans and may, as described in humans, have a 
bacterial component. Helicobacter spp. have been isolated 
from gastric mucosal samples/gastric fluid of dolphins (Fox, 
Harper, and Dangler 2000), beluga (Harper et al. 2002), and 
an Australian sea lion (Veophoca cinerea; Oxley, Powell, 
and McKay 2004). In addition, Wolinella succinogenes and 
a possibly novel species of Wolinella were isolated from the 
sea lion. Their pathological significance in gastric ulcers has 
not been established, but complete genome analyses have 
shown that W. succinogenes holds an extensive repertoire 
of genes homologous to known bacterial virulence factors 
in Helicobacter pylori and Campylobacter jejuni (Baar et al. 
2003). 

Campylobacter spp. can cause gastroenteritis in humans, 
primates, birds, dogs, cats, cattle, and swine. There are two 
reports in the literature describing isolation of Campylobacter 
spp. in marine mammals: C. insulaenigrae sp. nov. from 
three harbor seals and a harbor porpoise in Scotland, and 
the isolation of C. jejuni and C. insulaenigrae from juvenile 
northern elephant seals in California. However, the role of 
Campylobacter spp. in marine mammal gastrointestinal dis- 
ease is unknown (Foster et al. 2004; Stoddard et al. 2007). 
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Specific Bacterial Infections 
and Diseases 


Brucella spp. and Brucellosis 


The genus Brucella contains Gram-negative, nonmotile, fac- 
ultative intracellular, small, coccobacilliary bacteria with a 
wide variety of host preferences. Brucella spp. cause brucel- 
losis, a zoonosis of almost worldwide distribution (Corbel and 
Banai 2005). Brucella spp. in marine mammals were reported 
for the first time in 1994, from harbor seals, harbor porpoises, 
and a common dolphin in Scotland (Ross et al. 1994), and 
from a captive bottlenose dolphin in the United States (Ewalt 
et al. 1994). Two novel marine mammal Brucella spp. were 
included in the genus Brucella in 2007: Brucella ceti sp. 
nov. and Brucella pinnipedialis sp. nov., with cetaceans and 
seals as their preferred hosts, respectively (Foster et al. 2007). 
Marine mammal Brucella spp. have since been serologically 
detected, and isolated, from pinnipeds and cetaceans from 
around the world (Foster et al. 2002; Nymo, Tryland, and 
Godfroid 2011; Guzman-Verri et al. 2012). There are, however, 
no reports of isolation from marine mammals in the southern 
hemisphere. 

The gold standard in brucellosis diagnostics is isolation 
of the bacterium (Poester et al. 2010). There is no ideal tissue 
for the isolation of Brucella from marine mammals unless 
gross lesions are detected (Foster et al. 2002; Poester et al. 
2010). Foster et al. (2002) reported that the majority of the 
cetacean isolates usually appear on Farrell’s medium after 
4 days of incubation, while those from seals can take more 
than 10 days to appear, or simply fail to grow entirely. Based 
on these findings, they recommended that the incubation 
period should be extended to 14 days and that a nonselective 
medium should be inoculated as well as Farrell’s medium. 
Removing or reducing the concentration of bacitracin and/ 
or nalidixic acid in Farrell’s medium was also reported to be 
beneficial. Most cetacean strains grow in the absence of an 
increased CO, concentration, though most seal isolates are 
capnophilic. Isolates from marine mammals have the typi- 
cally smooth colony appearance (Foster et al. 2002). 

A variety of serological tests have been used to detect 
anti-Brucella antibodies in marine mammals (Hernandez- 
Mora et al. 2009; Nymo, Tryland, and Godfroid 2011, Guzman- 
Verri et al. 2012; Nymo et al. 2013a). Validation of these tests, 
with comparison to a bacteriological gold standard, is recom- 
mended (Godfroid 2002). Presence of antibodies may suggest 
exposure to the pathogen, but not necessarily an active infec- 
tion (Abbas, Lichtman, and Pillai 2010). Moreover, absence 
of antibodies does not exclude exposure, as there have been 
cases in which antibodies could not be detected, even though 
the bacterium was isolated (Tryland, Sorensen, and Godfroid 
2005). The ability of a serological test to detect antibodies is 
also dependent on the time post infection (Godfroid 2002). 
In marine mammals, as in other wildlife species, it is difficult 
to assess the presence of cross-reacting agents when little is 


known regarding which other agents are potentially present, 
and their ability to serologically cross-react with Brucella spp. 
(Poester et al. 2010). Hence, there are numerous challenges 
associated with the serological testing of marine mammals for 
anti-Brucella antibodies. However, with validated methods, 
and for large-scale, rapid screening of a population, serologi- 
cal methods are useful. 

There are numerous different PCR techniques for the 
detection of Brucella spp., and these have been used in sev- 
eral prevalence surveys (Yu and Nielsen 2010; Sidor et al. 
2013; Wu et al. 2014, 2016). 


Cetaceans Brucella ceti has been associated with a range 
of lesions in cetaceans. Isolation of B. ceti from the central 
nervous system and associated with neurological symptoms 
has been reported numerous times, often in stranded striped 
dolphins (Stenella coeruleoalba). The pathological changes 
include, among others, spinal discospondylitis, meningoen- 
cephalitis, meningitis, choroiditis, altered cerebrospinal fluid, 
and remodeling of the occipital condyles (Nymo, Tryland, and 
Godfroid 2011; Guzman-Verri et al. 2012). 

Isolation of B. ceti has often been from the reproductive 
organs. The bacterium has been isolated from aborted fetuses 
and reproductive organs of bottlenose dolphins (Ewalt et al. 
1994) with placentitis (Miller et al. 1999), and from the repro- 
ductive organs, milk, and fetuses of stranded striped dolphins 
(Hernandez-Mora et al. 2008), including one with placenti- 
tis (Gonzalez-Barrientos et al. 2010). Immunohistochemical 
investigations have also revealed B. ceti in a genital ulcer, 
uterus, mammary gland, and the milk of a stranded harbor 
porpoise with endometritis and signs of recent pregnancy 
(Jauniaux et al. 2010). Brucella ceti also has been isolated 
in association with mastitis and endometritis in cetaceans 
(Foster et al. 2002), and from a testicular abscess (Dagleish 
et al. 2008). Suppurative granulomatous lesions have been 
found in both female and male reproductive organs in sero- 
positive baleen whales: the minke whale and Bryde’s whale 
(Balaenoptera edeni, Ohishi et al. 2003). 

The transmission of B. cefi is poorly understood, but 
horizontal transmission via aborted, infected material seems 
plausible, as the bacterium has been repeatedly isolated from 
aborted fetuses and reproductive organs of cetaceans (Ewalt 
et al. 1994; Guzman-Verri et al. 2012). Transmission could also 
take place through close contact (e.g., during mating or mater- 
nal feeding. Jauniaux et al. 2010) or by vertical transmission 
(Hernandez-Mora et al. 2008). Brucella ceti has been isolated 
from lungworms (Pseudalius inflexus) of cetaceans (Dawson 
et al. 2008), and therefore the possibility of a transmission 
pathway involving these parasites cannot be excluded. 


Pinnipeds Persistence in macrophages, resulting in chronic 
infections, is the hallmark of brucellosis (von Bargen, Gorvel, 
and Salcedo 2012). However, B. pinnipedialis isolated from har- 
bor and hooded seals (Cystophora cristata) did not multiply in 
vitro in human, murine, or hooded seal macrophages, or in 
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human and hooded seal epithelial cells (Larsen et al. 2013a,b; 
Larsen, Godfroid, and Nymo 2016). Furthermore, hooded and 
harbor seal Brucella spp. are shown to be attenuated in the 
BALB/c mouse model (Nymo et al. 2014, 2016a). Brucella infec- 
tions are typically characterized by bacterial replication in the 
reproductive system of primary hosts, and are associated with 
reproductive pathology, such as abortion and sterility (von 
Bargen, Gorvel, and Salcedo 2012). However, hitherto, B. pin- 
nipedialis has not been isolated from any Brucella-associated 
pathology in true seals, but rather in association with a wide 
range of different organs and disease conditions, not specific to 
Brucella spp. (Nymo, Tryland, and Godfroid 2011). Moreover, 
an age-dependent serological pattern, with a low probability 
of seropositivity in pups, a higher probability in yearlings, and 
a decreasing probability with age, has been identified in some 
species of true seals (Zarnke et al. 2006; Lambourn et al. 2013; 
Nymo et al. 2013b), indicating that the bacteria are not trans- 
ferred from the mother to the newborn pup, and that these spe- 
cies might be clearing the infection prior to reaching the age 
of primiparity. Likewise, B. pinnipedialis has regularly been 
isolated from juvenile true seals (Foster et al. 1996a; Garner 
et al. 1997; Tryland, Sorensen, and Godfroid 2005; Lambourn 
et al. 2013; Nymo et al. 2013b). Thus, considering the lack of 
Brucella-associated pathology in true seals, the age-dependent 
serological and bacteriological patterns, and the lack of multi- 
plication in established in vitro and in vivo models, it could be 
argued that true seals may not be the primary host of B. pinni- 
pedialis. Instead, they may represent a spillover host suscepti- 
ble to infection from other sources in the marine environment. 
Brucella pinnipedialis has been isolated from lungworms in 
seals (Garner et al. 1997), and a recent experimental infection 
showed that a B. pinnipedialis hooded seal strain survived in 
Atlantic cod (Gadus morhua), indicating that Atlantic cod may 
play a role in the transmission of this pathogen to hooded seals 
(Nymo et al. 2016b). Furthermore, Brucella melitensis has been 
isolated from Nile catfish (Clarias gariepinus) under natural 
conditions (El-Tras et al. 2010), while an experimental infec- 
tion showed seroconversion and recovery of B. melitensis from 
visceral organs of infected catfish (Salem and Mohsen 1997). 
Moreover, a novel “atypical” Brucella strain has recently been 
isolated from a bluespotted ribbontail ray (aeniura lymma) 
housed in an aquarium enclosure for quarantine reasons in 
a German zoo. The rays had been caught and imported from 
Bali (Eisenberg et al. 2016). In addition, B. microti has been 
isolated from soil (Scholz et al. 2008), and potentially novel 
brucellae have been isolated from frogs (Eisenberg et al. 2012), 
supporting a hitherto unknown and extended ecological niche 
of Brucella spp., comprising ectotherms and the environment. 
Further investigation into marine sources of exposure should 
be performed in order to reveal the epizootiology of B. pinni- 
pedialis infection in true seals. 

In otariids, the number of isolates and PCR-positive cases 
are few. This makes it challenging to draw any conclusions 
regarding the presence or absence of Brucella-associated 
pathology in these species. However, it is worth noticing 


that the few cases reported have been recurrently associated 
with pathology in the reproductive organs (Sidor et al. 2008; 
Goldstein et al. 2009; Duncan et al. 2014), and that transpla- 
cental transmission has been shown to take place (Sidor et 
al. 2008). Moreover, a zoonotic strain type (ST27) has been 
detected in a California sea lion (Zalophus californianus; 
Sidor et al. 2008). 


Otters Brucella spp. have been isolated from the inter- 
nal iliac lymph node of a European otter (Lutra lutra), but 
with no associated pathology. The otter isolate failed to grow 
on Farrell’s medium in primary culture, but appeared with 
sparse growth on Columbia sheep blood agar and on Farrell’s 
medium on subculture. The isolate was CO,-dependent 
(Foster et al. 1996a). Anti-Brucella antibodies have also been 
detected in Southern and Alaskan sea otters inbydra lutris; 
Hanni, Mazet, and Gulland 2003), but the impact of such 
infections in otters remains unknown. 


Polar Bears Anti-Brucella antibodies have been detected 
in polar bears from the Svalbard archipelago and surround- 
ing waters, with a seroprevalence ranging from 5% to 14% 
depending upon serological test combinations and interpreta- 
tions (Tryland et al. 2001; Nymo et al. 2013a). Anti-Brucella 
antibodies have also been detected in polar bears from Alaska. 
Of 500 polar bears sampled between 1982 and 1999 in the 
Beaufort and Chukchi seas, a seroprevalence of 5% was found 
(Rah et al. 2005), whereas a later survey (2003-2006) of 275 
polar bears from the Southern Beaufort Sea found a serop- 
revalence of 10% (O'Hara et al. 2010). No Brucella spp. isolates 
have been obtained from polar bears, and the characteristics 
of the bacteria that polar bears are exposed to, as well as their 
potential impact on polar bear health, remain unknown. 


Vibriosis 
The genus Vibrio consists of Gram-negative motile bacteria 
usually found in marine and brackish water environments. 
Warm (20-30°C), mesohaline (<5—30%) waters are the most 
hospitable for growth of pathogenic Vibrio bacteria (Tantillo 
et al. 2004). Vibrios can cause disease in a wide range of ani- 
mals, including cetaceans and pinnipeds. The marine species 
Vibrio vulnificus and Vibrio parahemolyticus are responsible 
for noncholera Vibrio diseases in humans, usually associ- 
ated with ingestion of undercooked seafood or infection of 
wounds (Burge et al. 2014). With global temperature increases 
predicted to continue and increase (Intergovernmental Panel 
on Climate Change [IPCC] 2014), the geographic and seasonal 
ranges of the marine Vibrios may expand (Goertz et al. 2013). 
El Nifo-Southern Oscillation (ENSO) events can produce 
warmer conditions that may potentially increase Vibrio abun- 
dance and can create flooding that extends the boundaries of 
Vibrio-abundant waters (Harvell et al. 1999; Baker-Austin et 
al. 2010; Martinez-Urtaza et al. 2010). Recent first reports on 
the isolation of Photobacterium damselae subsp. damselae 
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(previously Vibrio damsela) from diseased marine fish sug- 
gest that this strain can be considered as an emerging patho- 
gen in the marine environment (Labella et al. 201). 

The increasing resistance of several Vibrio spp. isolates to 
many of the commonly employed antibiotics has been noted. 
Early treatment with aminoglycosides, quinolones, or third- 
generation cephalosporins has been indicated as a means 
of preventing the development of fatal septicemias (Buck, 
Spotte, and Gadbaw 1984; Greco, Fujioka, and Schroeder 
1986; Fujioka et al. 1988). However, considering the rapid 
expansion of multidrug-resistant organisms, extended use 
of broad-spectrum antibiotics in animals, including wildlife, 
should be avoided where possible. 


Cetaceans Bacteria of the genus Vibrio have been iso- 
lated from numerous cetacean species (Tangredi and 
Medway 1980; Schroeder et al. 1985; Buck and Spotte 1986; 
Herwig and Staley 1986; Fujioka et al. 1988; Buck et al. 
1991, 2006; Parsons and Jefferson 2000; Souza et al. 2005; 
Siebert, Prenget-Berninghoff, and Weiss 2009; Mazzariol et 
al. 201D. 

Vibrio alginolyticus was isolated in pure culture from 
the blood, liver, and lungs of an Atlantic white-sided dolphin 
(Lagenorhynchus acutus) exhibiting acute focal bronchopneu- 
monia and acute necrotizing hepatitis (Tangredi and Medway 
1980). Vibrio parabemolyticus and V. cholerae have also been 
associated with septicemia in the beluga (Delphinapterus leu- 
cas; Buck et al. 1989). Occurrence of skin lesions has been 
linked to Vibrio spp. in both dolphins and whales (Schroeder 
et al. 1985; Buck and Spotte 1986; Fujioka et al. 1988; Buck 
et al. 1991). It is important to note that most studies utilize 
cultivation-dependent techniques, which typically exclude 
any bacterial species for which optimal culture conditions are 
not implemented. Additionally, many are without comparison 
to cultivation from healthy, intact skin. 

Vibrio spp. have also been isolated from the blowhole, 
anus, and colon of healthy cetaceans (Buck et al. 2006), as 
well as from the internal organs of stranded animals with 
an unknown cause of death (Parsons and Jefferson 2000; 
Mazzariol et al. 2013). This indicates that interpretation of the 
isolation of Vibrio spp. should be conducted with caution. 
Regional differences in the presence of Vibrio spp. in har- 
bor porpoises (Phocoena phocoena) have been demonstrated 
(Siebert, Prenger-Berninghoff, and Weiss 2009). Vibrios were 
isolated from porpoises in the North and Baltic Seas (e., pop- 
ulations assumed to be more exposed to anthropogenic fac- 
tors), but not from porpoises inhabiting Norwegian, Icelandic, 
and Greenlandic waters. This suggests that increased anthro- 
pogenic activity and concomitant stress may influence total 
bacterial load. Commonly isolated species include V. algi- 
nolyticus, V. anguillarum, Photobacterium damselae subsp. 
damselae (previously Vibrio damsela), V. parabemolyti- 
cus, and V. fluvialis. The human pathogen V. cholerae has 
also been identified in Indo-Pacific humpbacked dolphins 
(Sousa chinensis) from heavily polluted waters, with sewage 


waste being the most likely origin of infections (Parsons and 
Jefferson 2000). 


Pinnipeds Reports of Vibrio spp. isolation from pinnipeds 
are fewer than from cetaceans, but nevertheless, reports exist 
on isolates from California sea lions, elephant seals, harbor 
seals, Hawaiian monk seals WVeomonachus schauinslandi), 
and hooded seals (Buck and Spotte 1986; Thornton, Nolan, 
and Gulland 1998; Littnan et al. 2006, Hughes et al. 2013; 
Greig et al. 2014). 

Commonly isolated species are V. cholera (non-OD), V. 
parabemolyticus, and V. alginolyticus. These Vibrio species 
have been isolated from the feces of free-ranging harbor seals 
and Hawaiian monk seals of unknown health status (Littnan 
et al. 2006; Greig et al. 2014). Vibrio spp. have been associated 
with gastritis, enteritis, septicemia, abscessation, and pneu- 
monia in elephant seals, harbor seals, and California sea lions 
(Thornton, Nolan, and Gulland 1998). Regional (but not sea- 
sonal) differences in fecal shedding of Vibrio spp. have been 
shown in wild-caught and stranded harbor seals (Hughes et 
al. 2013; Greig et al. 2014), and prevalence was greater in 
wild-caught compared to stranded seals. Location, turbidity, 
and salinity are all factors influencing predicted prevalence 
of Vibrio spp. 


Sirenia Vibrio spp. have been isolated from dugongs, and 
mixed infections containing Vibrio spp. and Aeromonas spp. 
were associated with pneumonia or pleuritis (Nielsen et al. 
2013). 


Sea Otters Vibrio spp. are found in the feces of sea otters 
(Enbydra lutris) and are associated with water contact or 
consumption of food harvested from contaminated environ- 
ments (Miller et al., 2010), with recent, usually more northern, 
isolates of Vibrio parahemolyticus associated with warmer 
ocean waters (Goertz et al. 2013). Vibrio spp. are associated 
with water contact or consumption of food harvested from 
aquatic environments (Miller et al. 2010). The pathological 
significance of Vibrio infection in otters is not clear, but dead 
otters are found to be more likely to test positive for V. para- 
haemolyticus than live otters. In addition, otters from more 
urbanized coastlines and areas with high freshwater runoff 
(near outflows of rivers or streams) were more likely to test 
positive for Vibrio spp., along with other enteric bacterial 
pathogens. Vibrio parabemolyticus, V. alginolyticus, and V. 
cholera (non-O1) are of the bacteria most commonly isolated 
from sea otters and their marine invertebrate prey species, 
such as mussels Mytilus californianus). 


Pasteurellosis 


Pasteurellaceae are a large group of Gammaproteobacteria 
that mostly live as potential pathogens on the mucosal surfaces 
of birds and mammals, colonizing primarily the upper respi- 
ratory tract and the lower reproductive tract, and perhaps also 
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parts of the intestinal tract. The family contains more than 60 
species, of which several are important veterinary pathogens, 
but the majority are opportunistic pathogens (Christensen 
and Bisgaard 2008). Members of the Pasteurellaceae family 
have been isolated from both diseased and healthy marine 
mammals (Buck et al. 2006; Foster et al. 2011; Hansen et al. 
2012a,b). Bacterial isolation and identification, PCR, specific 
hybridization probes, serological tests, and other methods 
may be performed to detect Pasteurellaceae from clinical 
specimens, since considerable progress has been made in 
the development of diagnostic and typing techniques for 
Pasteurellaceae in recent years (Dziva et al. 201D. 


Cetaceans Pasteurella multocida has been cultured from 
cetaceans at the Mystic Aquarium on a few occasions, with 
most of these isolations as incidental findings and not associ- 
ated with disease. One example is the isolation of P. multo- 
cida from the blowholes and anal openings of three out of 
six white whales (beluga) kept at this aquarium in 1985, as 
well as from the blowhole of a white whale during capture 
and at several occasions thereafter. Neither of these animals 
showed clinical sign of disease. Conversely, a previously 
stranded bottlenose dolphin that had been successfully reha- 
bilitated at Mystic Aquarium died peracutely with P. multo- 
cida bacteremia. The bottlenose dolphin showed no signs 
of abnormal behavior prior to death; however, routine blood 
samples collected the day before death showed a marked 
neutrophilia, a lymphopenia, and an eosinopenia. The nec- 
ropsy findings were consistent with bacteremia/septicemia, 
and included diffusely edematous lungs and a diffuse acute 
lymphadenitis. Pasteurella multocida was isolated from mul- 
tiple internal organs (as described in a previous edition of 
this book; Dunn, Buck, and Robeck 2001). Enteritis due to 
P. multocida involving bottlenose dolphins and short-beaked 
common dolphins has also been reported; these animals 
became acutely ill and died due to bacteremia and intes- 
tinal hemorrhage. Furthermore, Pasteurella hemolytica was 
associated with septicemia in a group of captive bottlenose 
dolphins, resulting in the death of one of six animals; hem- 
orrhagic tracheitis was discovered at necropsy (Sweeney and 
Ridgway 1975). 

Actinobacillus delphinicola was identified as a member 
of the family Pasteurellaceae in 1996. Isolates were recovered 
from cetaceans around the Scottish coastline; from the lungs, 
cervix, uterus, stomach, intestine, and intestinal contents of 
several harbor porpoises; and from the gastric lymph node, 
mandibular lymph node, lungs, and intestinal contents of a 
striped dolphin; as well as from the lungs of a Sowerby’s 
beaked whale (Mesoplodon bidens). The pathological signifi- 
cance of this organism is not yet clear (Foster et al. 1996b), 
and neither is that of another member of the Pasteurellaceae 
family, Phocoenobacter uteri, isolated from a harbor por- 
poise (Foster et al. 2000). Actinobacillus scotiae, isolated from 
various tissues of three stranded harbor porpoises (one with 


septicemia, two with no lesions), was recently characterized 
(Foster et al. 1998). 


Pinnipeds Bacteria belonging to the family Pasteurellaceae 
have been isolated from both healthy and diseased phocids 
and otariids (Hansen et al. 2012a,b, 2013), and pasteurello- 
sis has been diagnosed in both phocids and otariids at the 
Mystic Aquarium (Dunn, Buck, and Robeck 2001). The most 
frequently described species of the family Pasteurellaceae 
isolated from pinnipeds has been P. multocida (Smith et al. 
1978). However, a new species, Otariodibacter oris, has been 
isolated from the oral cavity of healthy sea lions, fur seals, 
and walruses (Hansen et al. 2012a,b). Moreover, a new genus 
containing one species, Bisgaardia hudsonensis, and one 
genomospecies, Bisgaardia genomospecies 1, has been iso- 
lated from both healthy and diseased seals (Foster et al. 2011; 
Hansen et al. 2012a). Bisgaardia hudsonensis was isolated 
from the lungs of ringed seals in association with an investi- 
gation into the death of 21 individuals. The lungs and lymph 
nodes of the seals did not show any macroscopic or micro- 
scopic lesions that could be associated with the bacterium. 
Furthermore, the bacterium has been isolated from multiple 
organs in gray seals in association with septicemia, and from 
the lungs of a harbor seal pup in poor condition, with hemor- 
rhaging from the lungs into the airways (Foster et al. 2011). 
Bisgaardia genomospecies 1 and O. oris have been isolated 
from abscesses in a harbor seal and in California sea lions, 
respectively, while O. oris has also been associated with 
osteomyelitis in California sea lions (Hansen et al. 2013). 
Because O. oris and Bisgaardia spp. are part of the normal 
microflora in the oral cavity of these animals, it is possible 
that the bacterium was transferred through a bite from an 
animal of the same species (Hansen et al. 2012a). Pasteurella 
spp. have also been isolated from conjunctiva and wounds 
of stranded harbor seals (Lockwood, Chovan, and Gaydow 
2006). Sensitivity tests and earlier usage of prophylactic tetra- 
cycline treatment of seals (Mystic Aquarium) showed that P. 
multocida is readily controlled by this antibiotic (Dunn, Buck, 
and Robeck 2001); however, increased knowledge regarding 
the emergence of bacterial resistance should promote lim- 
ited prophylactic usage and also reduce treatment with such 
a broad-spectrum antibiotic. Otariodibacter oris has been 
shown to be resistant to ampicillin and oxacillin + 2% NaCl, 
and sensitive to clindamycin, doxycycline, enrofloxacin, peni- 
cillin, and trimethoprim/sulfamethoxazole. Bisgaardia geno- 
mospecies 1 has been shown to be resistant to oxacillin + 
2% NaCl and showed an intermediate reaction to penicillin 
(Hansen et al. 2013). An attempt to use commercial P. mul- 
tocida vaccines developed for cattle (Mystic Aquarium) failed 
to provide any protection; however, a polysaccharide vaccine 
developed from a necropsy isolate appears to have provided 
long-term immunity after administration of primary and 
booster vaccinations (Vedros 1982; Dunn, Buck, and Robeck 
200D. 
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Sirenia Pasteurella multocida has been cultured in a mixed 
infection with Morganella morganii and Serratia marcescens 
from the lungs of an adult dugong with pneumonia (Nielsen 
et al. 2013). 


Otters Pasteurella sp. has been isolated from the feces of a 
Eurasian otter (Oliveira et al. 2008). 


Erysipelothrix 


Erysipelothrix rhusiopathiae is a Gram-positive (or Gram- 
variable) non-acid-fast, small bacillus, which is ubiquitous 
in the marine environment and has a worldwide distribu- 
tion. The bacterium may act as a pathogen, an opportunistic 
pathogen, or a commensal, in a wide variety of wild and 
domestic animals, but is most commonly associated with 
disease in pigs, turkeys, chickens, and ducks (Wang, Chang, 
and Riley 2010). The bacterium can survive for long periods 
in the environment and may grow in the mucus covering 
fish skin (Lehane and Rawlin 2000). It has also been found 
to be commonly associated with seafood (Fidalgo, Wang, 
and Riley 2000). Different forms of disease caused by E. rhu- 
slopathiae in humans should not be underestimated, espe- 
cially as an occupational hazard (see Chapter 4; Hunt et 
al. 2008; Wang, Chang, and Riley 2010). Diagnosis is based 
on clinical signs, isolation of the bacterium, or presence of 
antibodies. 


Cetaceans  Erysipelothrix rhusiopathiae has been identified 
as one of several infections causing or contributing to pneu- 
monia in the bottlenose dolphin population utilized in the US 
Navy’s Marine Mammal Program. The bacterium appears with 
additional pathogens, such as S. aureus and Cryptococcus 
neoformans, among others (Venn-Watson, Daniels, and Smith 
2012). A study of 54 bottlenose dolphins that were vaccinated 
against E. rhusiopathiae, using an off-label porcine bactrin 
component, concluded that the vaccine generated humoral 
immunity against E. rbusiopathiiae in dolphins. The efficacy 
was influenced by the number of vaccine administrations 
(boosts), but not by gender, age, or history of natural infec- 
tion (Nollens et al. 2016). 


Mycobacterial Infections 


Mycobacteria belong to the genus Mycobacterium in the fam- 
ily Mycobacteriaceae and are classified as acid-fast Gram- 
positive bacteria. They are rod-shaped, 0.5 um (micrometer) 
wide, with variable length, aerobic and nonspore forming, 
and are colored red by Ziehl—Neelsen staining, which is 
used as a diagnostic tool. This large family comprises sap- 
rophytes and opportunists, but also obligate pathogens. 
The Mycobacterium tuberculosis complex (MTBC) includes, 
among others, M. tuberculosis, the most common cause of 


tuberculosis in humans; M. bovis, the etiologic agent for 
bovine tuberculosis; and M. pinnipedii, which causes tubercu- 
losis in pinnipeds. Each member of MTBC is known to cause 
disease in a specific primary host, but infection may also 
be transmitted between host species. Interestingly, a recent 
study, comparing genomes of mycobacteria from archaeologi- 
cal materials, suggested that bacteria of the MTBC were pres- 
ent in Peru before the contact with Europe, and that seals 
may have played a role in transmitting disease across the 
ocean (Bos et al. 2014). 

Additional species of mycobacteria, not included in 
MTBC, sometimes cause disease in marine mammals, such 
as M. chelonae, M. fortuitum, M. chitae, and M. marinum 
(Boever, Thoen, and Wallach 1976; Morales, Madin, and 
Hunter 1985; Lewis 1987, Bernadelli et al. 1996; Bowenkamp 
et al. 2001). 


Cetaceans Mycobacteria may cause infections and lesions 
in the respiratory organs of cetaceans. Mycobacterium 
abscessus was isolated from a 23-year-old Atlantic bottlenose 
dolphin with clinical symptoms, including lethargy, cough- 
ing, and anemia, and possessing acute inflammatory cells 
and with acid-fast rods detected in the sputum (Clayton et 
al. 2012). PCR and amplicon sequencing verified the bacterial 
isolation. The animal was successfully treated, but was euth- 
anized 5 months later due to a P. aeruginosa infection, at 
which time M. abscessus pneumonia was confirmed (Clayton 
et al. 2012). 

Severe granulomatous changes of the right lung lobe 
were discovered postmortem in a stranded harbor porpoise 
in the Netherlands (Morick et al. 2008). Culture yielded a fast- 
growing mycobacterium identified by molecular methods as 
Mycobacterium mageritense, the first isolation of this bacte- 
rium in a nonhuman species, and the first from the marine 
environment (Morick et al. 2008). 

Mycobacterial disease of cetaceans caused by environ- 
mental bacterial species has been principally reported in 
association with disseminated cutaneous lesions (Waltzek et 
al. 2012). Mycobacterium marinum was also isolated from 
other captive beluga, associated with dermatitis, panniculi- 
tis, and chronic pleuritis (Bowenkamp et al. 2001). Similarly, 
Mycobacterium chelonae caused disseminated panniculitis 
in a bottlenose dolphin. Necropsy revealed pyogranulomas 
in the blubber, as well as acute multifocal necrosuppurative 
pneumonia and lymphadenitis (Wiinschmann, Armien, Harris 
et al. 2008). Mycobacterial infections may thus be considered 
as a differential diagnosis in whales with generalized derma- 
titis and/or panniculitis. 


Pinnipeds Mycobacterial infections have been reported in 
seals for many decades (Ehlers 1965), across many different 
species, and from a wide geographical range, including both 
wild and captive animals (Zumarraga et al. 1999; Cousins et 
al. 2003 and references therein). 
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Several types of mycobacteria have been isolated from 
seals. Early reports included isolates of M. bovis in fur seals 
(Arctocephalus forsteri) and sea lions (Neophoca cinera; 
Cousins et al. 1990). Later, it was evident that bacterial isolates 
from seals, initially classified as M. bovis, had different char- 
acteristics from both this pathogen and from the other spe- 
cies of MTBC (Thompson et al. 1993; Zumarraga et al. 1999). 
Thus, they were sometimes called “M. bovis subtype seal” 
Qurczynski et al. 2012). However, many of these cases may 
have involved M. pinnipedii (Cousins et al. 1993; Thompson et 
al. 1993), which is recognized as the main pathogenic myco- 
bacterium in pinnipeds (Waltzek et al. 2012). Mycobacterium 
marinum (Flowers 1970) and other similar mycobacteria are 
present in freshwater and marine ecosystems, representing 
opportunistic pathogens in fish, amphibians, and sometimes 
in marine mammals (Waltzek et al. 2012). Such infections may 
also affect people (see Chapter 4). 

Seals with mycobacterial infections may not show clinical 
signs or may exhibit only nonspecific signs of disease, such as 
anorexia, weight loss, and lethargy. Coughing is not reported 
as a prominent feature (Forshaw and Phelps 1991; Bernadelli 
et al. 1996; Bastida et al. 1999). In the subantarctic fur seal 
(Arctocephalus tropicalis), thoracic lesions (0.5—4.0 cm) and 
a large volume of yellowish exudate were found in the lungs, 
which were covered by fibrin (Bastida et al. 1999). Similar 
findings were reported for several South American fur seals 
(Arctocephalus australis), which also displayed purulent exu- 
date adherent to the trachea, and enlarged lymph nodes (tho- 
racic, axillary, prescapular, cervical, retropharyngeal, hepatic, 
and mediastinal) with caseous necrosis and calcified areas 
(Bernadelli et al. 1996). Granulomas may also be found in 
the kidneys, spleen, and liver, as well as in the peritoneum. 
There are also reports of animals with typical lesions in 
these organs, without having similar pathology in the lungs 
(Forshaw and Phelps 1991; Bernadelli et al. 1996; Bastida et al. 
1999; Waltzek et al. 2012). Histological sections of affected tis- 
sues often show microscopic granulomas. In contrast, lesions 
associated with infections from which environmental myco- 
bacteria are isolated seem to be of a less organized charac- 
ter, without the typical granolomateous structure as seen in 
infections caused by M. pinnipedii (Gutter, Wells, and Spraker 
1987; Lewis et al. 1987). 

Although mycobacterial lesions are present in the lungs, 
and possibly also other organs, symptoms may be nonspe- 
cific. Testing of marine mammals for mycobacteria is thus 
important, especially in facilities for captive marine mam- 
mals and associated with exchange of animals. A variety of 
serological tests have been applied to identify infected or 
previously exposed animals (Jurczynski et al. 2012). Upon 
suspicion, both radiography and computed tomography (CT; 
animals <150 kg), the latter usually necessitating anesthesia 
of the animal, may reveal calcified tubercles in lungs and 
other organs, but there are also reports indicating that typical 
mycobacterial lesions in lungs are not detectable using radi- 
ography (Forshaw and Phelps 1991). 


Tuberculin skin testing (measuring swelling of skin over 
days as a result of a delayed hypersensitivity reaction against 
mycobacterial antigens, M. bovis/M. avium PPD) has been 
conducted on skin (e.g., flippers, eyelids, base of the tail) of 
pinnipeds. Due to low sensitivity and specificity Ge., false 
negative and false positive test results), and due to the lack of 
test validation in the actual species, the skin test results may 
be hard to evaluate and have been reported as having lim- 
ited success for marine mammals (Forshaw and Phelps 1991; 
Lacave et al. 2009; Jurczynski et al. 2012). 

If an animal is shedding mycobacteria, a sputum or a 
tracheal wash sample can be examined by acid fast or fluores- 
cent antibody staining and microscopy, or by cultivation. The 
latter has been considered as the diagnostic gold standard 
test, although it may take up to 8 weeks to allow the bacte- 
ria to grow (Jurezynski et al. 2012). Another faster and more 
sensitive method is polymerase chain reaction (PCR), which is 
able to detect mycobacteria-specific DNA in sputum, but also 
from dead bacteria, such as in archived paraffin blocks of tis- 
sue prepared for histology. A PCR generates gene sequences 
(i.e., amplicons) that can be investigated for homology (NCBI 
GenBank) and subjected to phylogenetic studies. A multi- 
plex PCR protocol that can distinguish between M. pinnipedii 
and the other members of the MTBC has been developed 
(Warren et al. 2006). Usually, several tests are conducted at 
the same time, with results held against clinical symptoms 
and/or pathology. 

Most isolates of M. pinnipedii are susceptible to isonia- 
cide, rifampicin, streptomycin, ethambutol, and pyrazinamide 
(Cousins et al. 2003; Kiers et al. 2008). Treatment of marine 
mammal tuberculosis is, however, controversial, and due to 
the nature of the disease (i.e., often multiple and encapsulated 
tubercles), the effect is uncertain. Due to a generally long incu- 
bation time, and the fact that the bacteria are transmitted eas- 
ily between individuals and are zoonotic, efforts are usually 
focused on testing suspicious cases and their contact animals, 
and sometimes euthanasia of positive cases. There are sev- 
eral reports of transmission of mycobacteria to humans from 
marine mammals in captivity. In fact, mycobacterial infections 
in facilities with marine mammals and the possibility of trans- 
mission to animal trainers and visitors are a growing concern. 
This issue is dealt with in more depth in Chapter 4. 


Sirenia Little information exists on mycobacterial infec- 
tions in manatees, though two reports have been published 
on mycobacterial infections in the Amazonian manatee 
(Trichechus inunguis). 

A captive, 1-year old Amazonian manatee developed gen- 
eralized pyoderma, with pustules covering most of the ani- 
mal. Complete healing was never achieved, and the animal 
died 4 years later. Upon necropsy, 1-3 cm abscesses filled 
with caseous exudate were found in both lobes of the lungs. 
Bacterial culture from these lung lesions failed; however, 
Mycobacterium chelonei was successfully cultured from the 
skin lesions (Boever, Thoen, and Wallach 1976). 
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A systemic infection with M@. marinum has been reported 
in another captive Amazonian manatee. This individual was 
captured in 1967 weighing 29 kg and remained healthy for 13 
years until he showed periods of anorexia accompanied by 
skin lesions that lasted for 4 years until the animal died. The 
manatee exhibited a subcutaneous edema, thickened skin, 
and disseminated tubercles filled with caseous material in 
the testes, as well as in the lungs and pleura. Mycobacterium 
marinum was isolated from the lung lesions (Morales, Madin, 
and Hunter 1985). 


Leptospirosis 


Leptospirosis is a geographically widespread, zoonotic dis- 
ease infecting a broad range of mammalian hosts. The bac- 
teria proliferate in aquatic environments and are organized 
into 20 species with over 200 serovars. Leptospires enter the 
body through small skin scratches via mucosal membranes, 
or through wet skin, and disseminate into the blood. The 
second stage of acute leptospirosis, referred to as the immune 
phase, is when the organism disappears from the bloodstream 
and antibodies appear. The mechanisms by which leptospires 
cause disease are not well understood, but the presence of 
specific virulence factors has been suggested. The spirochetes 
are responsible for both human and animal leptospirosis, 
characterized by symptoms ranging from mild febrile illness 
to severe multiple organ failure, especially pulmonary hemor- 
rhaging and renal failure (Ellis 2015). 

Laboratory diagnosis of leptospirosis is a challenge. 
Direct observation of leptospires by darkfield microscopy is 
untrustworthy. Isolation of leptospires can take months and 
does not provide early diagnosis. Diagnosis is therefore often 
achieved by serology, where enzyme-linked immunosorbent 
assays and agglutination tests are the methods generally used. 
However, rapid tests such as IgM dipstick detection assays 
are also available. The main limitation of serology is that 
antibodies are lacking in the acute phase, though in recent 
years, several real-time PCR assays have been described that 
may confirm the diagnosis in the early phase of the disease 
(Musso and La Scola 2013). 

Among marine mammals, leptospirosis has most fre- 
quently been reported in two otariid species in the eastern 
North Pacific Ocean, California sea lions and northern fur 
seals (Waltzek et al. 2012). Accounts of leptospirosis in pho- 
cids are restricted to infection in Pacific harbor seals (Stamper, 
Gulland, and Spraker 1998; Stevens, Lipscomb, and Gulland 
1999) and northern elephant seals (Colegrove, Lowenstine, 
and Gulland 2005). There has been a single published isola- 
tion of Leptospira spp. from a cetacean, from a kidney sample 
of a stranded, deceased southern right whale (Zubalaena 
australis; Grune Loffler et al. 2015). 


Pinnipeds Over the last four decades, periodic lepto- 
spirosis outbreaks have caused morbidity and mortality of 
California sea lions (Vedros et al. 1971). Cyclical epizootics 


associated with Leptospira interrogans serovar Pomona in 
California sea lions along the Pacific coast of Canada and 
the United States were the most frequent cause of disease 
attributed to a single bacterial species in marine mammals 
in the period 1972 to 2012; the majority (90%) of these cases 
were from California, in 1984, 1994, 1995, and 2004 (Simeone 
et al. 2015). The extent of the outbreaks has varied and cases 
have occurred year round; however, most cases have been 
observed between July and December (Greig, Gulland, and 
Kreuder 2005). All leptospiral isolates obtained from wild 
California sea lions spanning four decades have been L. inter- 
rogans serovar Pomona, and genetic analysis of these iso- 
lates has shown them to be almost identical (Zuerner and Alt 
2009). These data, combined with serological evidence show- 
ing exposure of the youngest age classes each year (Lloyd- 
Smith et al. 2007), suggest that this strain is enzootic in this 
population. 

Asymptomatic urinary shedding of leptospires in free- 
ranging wild California sea lions, and asymptomatic serocon- 
version as well as chronic asymptomatic urinary shedding in 
a rehabilitated sea lion, have been reported. This provides 
a mechanism for persistent circulation of leptospires in the 
California sea lion population (Prager et al. 2013). 

A wide variety of clinical symptoms are registered in 
association with leptospirosis in seals, such as depression, 
dehydration, polydipsia, anorexia, fever, vomiting, icterus, 
abortion, oral ulcerations, and reluctance to use the rear 
limbs. A marked leukocytosis and elevated serum creatinine, 
sodium, calcium, phosphorus, and blood urea nitrogen levels 
indicative of renal disease occur (Colegrove, Lowenstine, and 
Gulland 2005; Waltzek et al. 2012). Upon necropsy, the kid- 
neys frequently appear swollen and the liver may be enlarged 
and friable. The renal cortex and medulla often appear pale 
with loss of renicular and corticomedullary differentiation and 
sporadic infarcts. Subcapsular hemorrhages and hemorrhag- 
ing at the corticomedullary junction may also be detected. 
Aborted fetuses and seal pups may have subcutaneous hem- 
orrhages. Typical microscopic kidney lesions include lympho- 
plasmacytic, tubulointerstitial nephritis, intratubular protein 
casts, and abundant associated spirochetes within the tubular 
epithelium and lumen (Moeller 2003; Waltzek et al. 2012). 

Treatment of leptospirosis in California sea lions has been 
reported with oral or subcutaneous fluids and tetracycline 
at a dosage of 22 mg/kg per os (PO) three times a day, or 
long-acting tetracycline at a dosage of 11 mg/kg intramuscu- 
larly (M) once daily, but the length of the treatment was not 
specified in either case (Gage et al. 1993). Another California 
sea lion was successfully treated with penicillin, streptomy- 
cin, vitamin B complex, and free access to water (Vedros 
et al. 1971), while 66 sea lions were treated successfully and 
released after receiving tetracycline (22 mg/kg every 8 h PO) 
or potassium penicillin G 444,000 U/kg every 12 h PO or IM) 
for 10 to 14 days (Dierauf et al. 1985). A Pacific harbor seal 
was treated with tetracycline, oral phosphorous binders, and 
electrolyte solution given via stomach intubation (Stamper, 
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Gulland, and Spraker 1998). At the Mystic Aquarium, fur seals 
were vaccinated twice each year with a five-serovar commer- 
cial livestock vaccine (Lepto-5, Biocor Animal Health, Omaha, 
Nebraska, USA). There was considerable variability in the 
antibody titer levels achieved against the different serovars, 
but the incidence of leptospirosis cases decreased after initia- 
tion of the vaccine program (as described in a previous edi- 
tion of this book; Dunn, Buck, and Robeck 2001). 


Nocardiosis 


Nocardiosis is an opportunistic, noncontagious disease that 
affects domestic animals, wildlife, and humans. Major clini- 
cal manifestations are abscesses, cutaneous/subcutaneous 
lesions, mastitis, and pneumonia. Granulomatous inflamma- 
tory reactions, which may be acute or chronic and which 
often progress to abscess formation, characterize typical 
nocardial infections (McNeil and Brown 1994). In humans, 
there are at least six basic forms of clinical Nocardia spp. 
infection, including pulmonary, systemic, extrapulmonary, 
cutaneous, subcutaneous, and lymphocutaneous (Beaman 
and Beaman 1994). Diagnosis of nocardiosis requires identi- 
fication of the organism from infected tissue. Culture of the 
organism can be challenging and time consuming, some- 
times requiring weeks for successful isolation. Histology or 
cytology showing acid-fast (or partially acid-fast) branched 
filaments may, together with clinical signs, provide a pre- 
sumptive diagnosis. Numerous investigators have tried to 
develop reliable serodiagnostic tests to perform accurate and 
rapid diagnosis of nocardial infections in humans and other 
animals, but a single test is yet to be used routinely (Beaman 
and Beaman 1994). 

Nocardia spp. are Gram-positive, facultative intracellu- 
lar, aerobic bacteria that belong to the order Actinomycetales. 
They are ubiquitous in soil and water and have been iden- 
tified in marine sediment (Goodfellow and Williams 1983; 
St. Leger et al. 2009). Molecular identification and bacte- 
rial isolation have demonstrated a variety of pathogenic 
species with N. asteroides, N. farcinia, N. brasiliensis, N. 
cyriacigeorgica, and N. levis reported to be pathogenic 
for cetaceans, and N. asteroides, N. farcinia, N. brasil- 
iensis, and N. otitisdiscavarium for pinnipeds (St. Leger 
et al. 2009). The distribution of pathogenic species is not 
clear, but some species are reported to be more common 
in certain geographic areas and climates (Goodfellow and 
Williams 1983; Khan et al. 1997; Brown-Elliott et al. 2006; 
El-Sersy et al. 2006). 

Nocardiosis is reported in both captive and free-ranging 
marine mammals. Pinnipeds may be exposed to Nocardia 
spp. from multiple sources, as they inhabit the interface of 
terrestrial and aquatic environments, whereas cetaceans are 
biologically limited to the marine environment. Nocardia 
spp. can become airborne; therefore, captive housing might 
enhance exposure to terrestrial pathogens via aerosols, espe- 
cially through dust particles. 


Cetaceans Nocardiosis has been reported in harbor 
porpoise, bottlenose dolphin, spinner dolphin (Stenella 
longirostris), striped dolphin, beluga, false killer whale 
(Pseudorca crassidens), killer whale, and Scammons pilot whale 
(Globicephala scammoni, Pier, Takayama, and Miyahara 
1970; Jasmin, Powell, and Baucom 1972; Sweeney et al. 1976; 
Robeck, Dalton, and Young 1994, 1995; Dalton and Robeck 
1995; Arbelo et al. 2013). Cetaceans appear to be particu- 
larly vulnerable to pneumonia, and the first site of infec- 
tion in the majority of cases is reported to be pulmonary. 
However, cutaneous and subcutaneous infections are also 
described (Jasmin, Powell, and Baucom 1972; Robeck and 
Dalton 1995). Available literature suggests that the systemic 
form is the most common presentation in cetaceans (Pier, 
Takayama, and Miyahara 1970; Macneill et al. 1978; Martinau 
et al. 1988; Degollada et al. 1996; St. Leger et al. 2009), 
Pyogranulomatous pneumonic nocardiosis is often reported, 
but vertebral osteomyelitis and granulomatous lesions in 
the cerebrum, pleura, thyroids, spleen, adrenal, heart, and 
mediastinal lymph nodes are also observed. In addition to 
direct contact from the marine environment, any activity 
that could increase exposure to soil-borne particulate matter 
should be considered a possible source of infection. Three 
of six cases reported in Texas (USA) were hypothesized to 
have been initiated at sites within close geographical prox- 
imity to each other, and shortly after violent, dust-spreading 
weather (Robeck, Dalton, and Young 1994, 1995; Dalton and 
Robeck 1995). Treatment of cetacean nocardiosis is difficult 
and depends on how early the organism is detected, as well 
as the characteristics of the infection. The best response 
to antibiotic treatment is obtained with the aminoglycoside 
amikacin; however, many cases have reported the reoccur- 
rence of Nocardia spp. disease, despite repeated and appar- 
ently successful chemotherapeutic treatment (Beaman and 
Beaman 1994). 


Pinnipeds Few cases of Nocardia spp. infection have been 
described in pinnipeds, with isolations reported from the 
hooded seal and leopard seal (Hydrurga leptonyx) only (Davis 
et al. 1977; St. Leger et al. 2009). Thoracic disease as part of 
systemic infection was the primary presentation in hooded 
seals, and Nocardia spp. associated lesions were found in the 
lungs, pleura, kidneys, lymph nodes, liver, spleen, brain, and 
skin. Pyogranolumatous lesions were observed in the lungs, 
thoracic lymph nodes, adrenals, and brain, of the leopard 
seal. 


Concluding Remarks 


When conducting bacteriological culture, we often search for 
known pathogens by either using general culture conditions 
that are effective for many bacteria of interest or selectively 
favoring the bacteria we suspect could be present, based 
on clinical symptoms, lesions, previous experience, and 
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comparative pathology with other host species. However, it 
is estimated that less than 1% of all bacteria in nature can be 
cultivated using standard techniques (Amann, Ludwig, and 
Schleifer 1995). Thus, commonly used bacteriological diag- 
nostic tools are generally aimed at bacteria we know or sus- 
pect are pathogens. 

Nevertheless, new types of bacteria, or bacteria until 
recently unknown to infect or cause disease in marine mam- 
mals, continue to be discovered, and culture-independent 
techniques and molecular tools, such as PCR, amplicon 
sequencing, full genome sequencing, and phylogenetic stud- 
ies, have contributed to such improvements. In contrast to PCR 
and hybridization techniques, which represent methods tar- 
geting specific bacteria, metagenomics and Next Generation 
Sequencing can be used to obtain an overview of a micro- 
biome, such as the gut microflora and the bacteria of the 
eye mucosa, or to identify novel bacteria that are potentially 
contributing in multifactorial or chronic diseases (Hiergeist 
et al. 2015). Bik et al. (2016) recently used Sanger-sequencing 
of bacterial 16S ribosomal RNA gene amplicons and pyrose- 
quencing reads from the V3-V4-V5 region of bacterial 16S 
tRNA to characterize the microbiota of bottlenose dolphins 
and California sea lions, revealing 30 phyla, many unique to 
dolphins. Such techniques have up to now been too advanced 
and expensive to use for routine veterinary diagnosis, but are 
increasingly used to reveal the infection biology of certain 
diseases, and may be excellent tools to screen samples at the 
onset of a disease outbreak (Firth and Lipkin 2013). However, 
it remains important to search for a possible link between the 
presence of a potential pathogen and the clinical symptoms 
and pathology observed, and whether the infectious agent 
causes or contributes to the disease or not. 

Many scientific reports on bacteriology of marine mam- 
mals are available, as reflected by the references in this chap- 
ter. However, a large part of the knowledge and experience 
on bacteriology in marine mammals exists as private notes 
or in local journals, and is inaccessible to most people. Also, 
many investigations and data may not be comparable to each 
other due to the utilization of different techniques, equip- 
ment, and sampling approaches, as well as different inter- 
pretations. Exchange of such information is thus important 
and may be facilitated through specific organizations for 
marine mammal and wildlife health, such as the International 
Association for Aquatic Animal Medicine (AAAM), the 
European Association for Aquatic Animal Medicine (EAAM), 
the American Association of Zoo Veterinarians (AAZV), and 
Wildlife Disease Association (WDA) with its various sectors 
(Latin America, Africa and Middle East, European, Nordic). 
Sharing such “gray literature” will be helpful for those dealing 
with bacterial diseases in marine mammals. 

There is also a need for standardized techniques to mini- 
mize the impact of the variables and choices that face every 
bacteriologist. Scientific articles are valuable as they have 
been through the quality control of peer reviewing. However, 
these reports are rare and usually cover different species, 


diseases, and time periods, making it difficult to grasp the 
larger picture or trends over time. Further, due to the crite- 
ria associated with scientific reporting, they cover only new 
findings and often fail to reflect upon the etiology of multi- 
factorial diseases. Reports are also often published years after 
the events took place, and thus do not necessarily contribute 
to an awareness of ongoing outbreaks or short-term trends 
(Simeone et al. 2015). If standardization of the techniques 
could be conducted, both experience and results from the 
diagnostic approach and from treatment of captive animals 
would, to a much greater extent, constitute an important 
pool of information for the marine mammal health and care 
community. 
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Introduction 


Since the last edition of this book was published, the land- 
scape of fungal infections in marine mammals has markedly 
changed. Although clinicians still ponder the significance of 
finding fungi in clinical specimens from sick or normal indi- 
viduals, newer diagnostic modalities have delivered greater 
sensitivity and selectivity, rendering greater accuracy and 
faster response in making a definitive diagnosis, while new 
therapeutics have provided better options for successful clini- 
cal outcomes. 

The fungi that have potential to cause invasive fungal 
infection CFD include the following: molds—Aspergillus 
spp., Fusarium spp., Lomentospora (Scedosporium) pro- 
lificans, Mucor spp., Rhizopus spp. Rbhizomucor spp., 
Lichtheimia (Absidia) spp., Saksenaea spp., Cunninghamella 
spp., and Apophysomyces spp.; yeasts—Candida spp. and 
Cryptococcus spp.; and dimorphic endemic fungi (those 
that produce hyphal or yeast-like forms depending on 
temperature)—Histoplasma capsulatum, Coccidioides immitis 
and C. posadasii, Blastomyces dermatitidis, and Sporothrix 
spp. While invasive aspergillosis, candidiasis, and crypto- 
coccosis remain fairly common in humans, rates of infection 
by other opportunistic fungal pathogens, such as mucor- 
mycotic fungi, Histoplasma capsulatum, Coccidioides spp., 
and Fusarium spp., appear to be on the rise (Ramana et al. 
2013; Bitaf et al. 2014). 

In recent decades, many fungal species have emerged as 
major causes of disease in both humans and marine mam- 
mals. Adding to this bleak picture is the fact that treatment 
and control measures currently available with humans, are 
barely able to keep up with current trends of morbidity and 
mortality associated with some of the emerging fungal infec- 
tions. Human medicine has seen a reduction in the inci- 
dence of IFIs from prolonged prophylaxis or treatment with 
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antifungal agents; however, such strategies in some situations 
may have driven iatrogenically the emergence of new fungal 
pathogens or resistant strains, and one has to believe that this 
also could potentially impact the landscape of fungal infec- 
tions in animals, both domestic and exotic. 

An intriguing potential source of antifungal resistance is 
from the use of antifungal agents in agriculture, especially 
azoles (Chowdhary et al. 2013). Azole resistance in Aspergillus 
fumigatus isolates is increasingly reported with variable prev- 
alence in Europe, the United States, South America, China, 
Japan, Iran, and India (Lockart et al. 2011; van der Linden 
et al. 2011). Multiazole resistance in A. fumigatus due to 
genetic mutations has become an emerging problem in both 
Europe and Asia and has been associated with high rates 
of treatment failures in human patients (Howard et al. 2009, 
Arendrup et al. 2010; van der Linden et al. 201D. 

Several recent findings support the hypothesis that azole- 
resistant A. fumigatus (ARAF) strains in patients with invasive 
aspergillosis were more likely to be acquired from environ- 
mental sources than from de novo mutation and selection 
within patients during azole therapy (Howard et al. 2009; 
Snelders et al. 2009; Arendrup et al. 2010; Mortensen et al. 
2010; van der Linden et al. 2011; Chowdhary et al. 2012). 
Demethylase inhibitors (DMIs), including azole fungicides 
(mostly triazoles), account for nearly one-third of the total 
fungicide sales in agriculture and wood preservation (Verweij 
et al. 2013). In addition, there are over 25 types of azole DMIs 
for agricultural uses, far more than the 3 licensed medical 
triazoles for the treatment of aspergillosis. 

Furthermore, the azoles could persist and remain active in 
many ecological niches, such as agricultural soil and aquatic 
environments, for several months. The widespread applica- 
tion of DMI fungicides and their persistence in the environ- 
ment are significant selective forces for the emergence and 
spread of ARAF strains, by reducing the population of azole- 
susceptible strains and selecting for azole-resistant genotypes 
(Verweij et al. 2013). 


Current Status of Fungal 
Infections in Marine Mammals 


We conducted a survey of recent fungal infections present 
in marine mammals—39 clinicians and pathologists reported 
202 cases, including 28 species of fungi across 18 species. Of 
these cases, 37% were stranded animals, and the remaining 
63% were animals under human care. Comparing the find- 
ings of an earlier survey (Reidarson et al. 1997) to the cur- 
rent one (Tables 19.1 and 19.2), the number of Mucorales 
(Apophysomyces spp., Cunninghamella bertholettiae, Rhizopus 
spp., Sakseneaa spp.) cases has nearly tripled (from 22 to 
6D, while the number of Aspergillus spp. cases dropped 
(from 51 to 32). The vast majority of these IFIs (84%) were 
reported in animals under human care living in semitropi- 
cal and tropical regions. 


In the 1997 survey, Aspergillus spp. significantly outnum- 
bered all other fungi, presumably due to the presence of the 
immune suppressive effects of morbillivirus (CeMV) in a great 
number of stranded bottlenose dolphins (ursiops truncatus; 
between 1987 and 1993) that succumbed to secondary infec- 
tions, primarily Aspergillus fumigatus. The reason for the sig- 
nificant rise in mucormycosis over the past 20 years is not 
well understood, but genetics, location, poorly supervised 
construction around facilities, use of stronger antimicrobials, 
and overuse of glucocorticoids presumably all have effects. 

There could be some biases, if we just consider the 
reported fungal cases in Tables 19.1 and 19.2 as reflections 
of accurate incidences of fungal diseases in marine mammals. 
There is little doubt that Candida (and even some Aspergillus) 
infections were likely underreported, due to the lack of seri- 
ous clinical signs, but, as in humans, most clinicians believe 
that Candida infections are on the rise in marine mammals, 
as is resistance to various antifungal agents. Furthermore, 
many cases are detected through cytology or culture of bio- 
logical samples and are not always associated with an inflam- 
matory response; however, treatment is frequently applied, 
although disease is not always confirmed. In contrast, cases 
of mucormycosis are typically diagnosed antemortem, and 
in most cases confirmed postmortem, due to the dramatic 
consequences associated with this type of infection, and as 
such, are more accurately reflected in medical records. In the 
authors’ experience, and through personal communications 
with clinicians in captive and wild marine mammal practices, 
most believe there has been a rise in gastrointestinal candi- 
diasis. We believe many of these cases go unreported due to 
mild clinical signs, and are not always definitely diagnosed or 
even treated. A recent survey of marine mammals stranded 
along the German coast revealed 32 Candida cases in three 
different marine mammal species, including 18 in harbor 
seals (Phoca vitulina), 5 in gray seals (Halichoerus grypus), 
and 9 in harbor porpoises (Phocoena phocoena, Siebert pers. 
comm.). Furthermore, through personal experience, there is 
little doubt we are observing a greater number of cases in 
animals maintained in artificial vs. natural water systems. 

Another change is a significant rise in the cryptococcal 
and coccidioidal infections in five species of marine mammal 
species living in the Pacific Northwest of the United States and 
Canada, including California sea lions (Zalophus californianus), 
southern sea otters Enbydra lutris nereis), Pacific harbor seals, 
harbor porpoises, Dall’s porpoises (Phocoenoides dali), and a 
northern elephant seal (irounga angustirostris, Rosenberg et 
al. 2015; Huckabone et al. 2015; Colegrove pers. comm.). 


Theories to Explain the Change 
in Incidence of Fungal Infections 


Both Aspergillus spp. and the Mucorales are considered oppor- 
tunistic ubiquitous fungi, which under certain conditions are 
capable of infecting normal individuals. The significant rise in 
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mucormycosis (in the absence of a known underlying immune 
suppression) may be due to genetically driven weakness, 
greater exposure to potent oxidants such as ozone and/or chlo- 
rine, greater exposure to aerosolized soil particles (especially 
during unsupervised construction projects in regions of the 
world where many of these fungi thrive), greater use of broad- 
spectrum antibiotics, corticosteroids (even megestrol acetate) 
and cyclosporine, and presumably social and environmental 
factors that produce stress (Lionakis and Kontoyiannis 2003). 
In wild individuals, immunosuppressive viruses (morbillivirus 
and herpesviruses), pollutants, starvation, and high parasitic 
loads are presumably major contributing factors. 

The question of whether these changes also indicate 
alteration in the host immunity, virulence of the fungi, use of 
immunosuppressive agents, or unfortunate lag time in mak- 
ing a definitive diagnosis and implementing treatment is nearly 
impossible to answer. As with any other microbial infections, 
innate and adaptive immune responses of a host play an impor- 
tant role in the establishment and resulting consequences of 
invasive fungal infections (Enoch, Ludlum, and Brown 2006). 
The outcome of an invasive mycosis depends on factors includ- 
ing the current clinical condition of the patient, its immuno- 
logical status, pathogenicity and virulence determinants of the 
invading fungal species or strain, the location of infected area, 
time to diagnosis and treatment, and clinical approach. 

In contrast to humans, in whom the vast majority of fun- 
gal infections occur in immunocompromised patients (suf- 
fering from HIV, undergoing organ transplants, uncontrolled 
diabetes, corticosteroid or cyclosporine usage, and cancer 
chemotherapy; Maschmeyer, Haas, and Cornely 2007), most 
marine mammal fungal infections occur in apparently immu- 
nocompetent individuals, although, since immune compe- 
tency testing is rarely performed, this may not always be true. 
Certainly the use of immunomodulating drugs very likely has 
contributed to disease in some individuals, but true underly- 
ing causes need further investigation. 

Additionally, according to the “hygiene theory,” the lack 
of stimulation and frequent exposure of the immune system 
to potential pathogens from continuous presence of disinfec- 
tants in the water, and subsequent modifications of the normal 
marine microbiome (facilitating selection and concentration 
of highly resistant agents such as mycobacteria, Pseudomonas 
sp., and certain fungi), could somehow facilitate abnormal 
immune-mediated responses of the hosts and facilitate infec- 
tion by secondary pathogens. Basal immunity testing of many 
of these untreated, apparently healthy, individuals may offer 
additional information about the real immune status of the 
host. 


Epidemiology of Fungi 


Virulence and Pathogenicity 


As with many pathogenic microorganisms, a number of fungi 
have developed strategies to evade detection by the immune 


system, rendering them more pathogenic (Mavor, Thewes, 
and Hube 2005). Fungal virulence can be attributed to many 
factors, among which are the ability to grow at 37°C, and 
adapt to the environment inside the host tissues (especially 
dimorphic fungi), which helps them to establish and cause 
infection. Fungal strains isolated from animals and able to 
grow between 37°C and 40°C can be given higher clinical 
significance than the most common ambient isolates growing 
only in the 20-30°C range. 

The strategy for invasion by Aspergillus spp. is multilay- 
ered, including thermotolerance (Bhabhra and Askew 2005), 
production of proteolytic enzymes and toxins, as well as 
residues on conidia, all of which allow for adaptation to the 
stringent environmental conditions within the mammalian 
lung. For example, Aspergillus fumigatus produces proteases 
(elastin—-serine protease, elastin—metalloprotease, and aspar- 
tic acid proteinase) and toxins (gliotoxin and restrictocin) 
that greatly enhance invasion of tissues, and thus its patho- 
genicity. Furthermore, many of these fungi are capable of 
efficiently sequestering iron to promote hyphal growth and 
viability (Dagenais and Keller 2009). 

The capsule of Cryptococcus neoformans is antiphagocytic 
and downregulates cellular and humoral immune responses 
when shed into host tissues. Phenoloxidase/melanin syn- 
thesis with the presence of capsule makes Cryptococcus an 
opportunistic pathogen (Ramana et al. 2013). Furthermore, 
C. neoformans exists as an intracellular and an extracellular 
pathogen, allowing it to survive and replicate within acidic 
macrophage phagolysosomes (Deepa, Santiago-Tirado, and 
Doering 2014). This fungus also produces melanin and an 
enzyme called laccase, which interfere with oxidative killing 
by phagocytes. According to Mitchell and Perfect (1995), pro- 
duction of melanin from 1-dopa by the enzyme laccase might 
account for the predilection of the organism for the central 
nervous system (CNS). 

Candida spp. are opportunistic fungi and are part of 
the normal flora of humans and animals. They may also be 
responsible for significant infections from superficial sites, as 
well as nail infections, urinary tract infections, and invasive 
candidiasis/candidemia. Candida spp. are able to form bio- 
films (described as microbial adherence to either biotic or 
abiotic surfaces, forming a polymer matrix that becomes a 
substrate on which microbes grow). This gives Candida spp. 
the potential ability to become nosocomial infections. Some 
fungi, such as Cryptococcus neoformans, Candida albicans, 
and Aspergillus fumigatus, have been reported to produce 
sterol regulatory element binding proteins (SREBPs) that help 
them tolerate hypoxic environments in host tissues, as well as 
demonstrate antifungal resistance (Ramana et al. 2013). 


Modes of Transmission 


Many fungi are ubiquitous in the environment (including all 
the molds), with saprobic potential. Some comprise a por- 
tion of the normal microbiota of most mammals (including 
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feces, such as with Cryptococcus neoformans) in pathogenic 
forms capable of producing disease. Under suitable condi- 
tions, fungi gain entry by inhalation, trauma, or ingestion, 
and then settle into the lungs, skin, or alimentary tract (Muller 
1994). Most Candida spp. are normal residents of mucous 
membranes (existing as a commensal) but may gain entry 
when mucosal barriers are compromised. 

Because fungi are poorly communicable between ani- 
mals, mycoses are rarely causes of epidemics. Except for 
reported zoonotic cases involving Blastomyces dermatitidis 
in bottlenose dolphins, Paracoccidioidomycosis ceti (formerly 
L. loboi) in an Amazon river dolphin Unia geoffrensis), and 
some dermatophytes in pinniped colonies producing skin 
lesions that can spread animal to animal throughout the 
whole group (see Chapter 4), infection of a host by a fungus 
is usually a dead end and does not spread to other hosts or 
become widespread in the species (Geraci and Ridgway 1991; 
Nicholls, Yuen, and Tam 1993). 

Dermatologic infections described in marine mam- 
mals include Microsporum canis, Sporothrix schenckii, 
Trichophyton spp., and Trichosporon pullulans (Hoshina 
and Sigiura 1956, Tanaka, Kimura, and Wada 1995; Higgins 
2000; Pollock, Rohrbach, and Ramsay 2000). Additionally, 
Epidermophyton floccosum was also implicated in numerous 
erosions on the skin of the nose, face, flippers, and tail of a 
captive manatee (Trichechus sp.; Dilbone 1965). 


The Opportunistic Fungi 


Of the pathogenic opportunistic filamentous fungi, Mucorales 
and Aspergillus spp. infections are the most devastating. 
Mucormycosis begins with entry of zygospores by inhalation 
or through wound or intestinal tract breaches. Aspergillosis 
begins primarily through inhalation of conidia into the lungs 
that produce several forms of disease: allergic aspergillosis, 
chronic necrotizing aspergillosis, mycelial fungal balls (asper- 
gillomas), and invasive aspergillosis (Reidarson et al. 1997). 
Although Mucorales infections begin at the primary site, 
either a wound or respiratory tract, organisms rapidly pro- 
liferate and aggressively invade locally or disseminate else- 
where, causing infarction of involved tissues. 

For healthy individuals with intact functioning immune 
systems, breathing in Aspergillus conidia does not cause 
harm. However, since all cetaceans lack turbinates, the prin- 
cipal filtering mechanism of airborne particles in all other 
mammals, fungal conidia and spores are able to more easily 
gain access to the lower pulmonary system. In the authors’ 
experience, Aspergillus colonization of the upper respira- 
tory tract can lead to a clinical presentation similar to allergic 
aspergillosis. In some cases, there is no true tissue invasion; 
however, when the fungus colonizes some region in the 
upper respiratory mucosa and sporulates, the fungal spores 
can more easily reach the lower respiratory tract, produc- 
ing either invasive disease or a hypersensitivity reaction. 
Furthermore, when some aspect of the normal host defense 


is compromised, inhalation of conidia can cause an infec- 
tion in the lungs that can spread to other parts of the body 
(Richardson and Lass-Fl6rl 2008). 

Aspergillus fumigatus has become the most prevalent air- 
borne fungal pathogen, accounting for the majority of human 
fungal and a significant number of marine mammal fungal 
infections. In humans, and presumably marine mammals, 
these invasive infections typically occur when the patient 
becomes immunosuppressed (e.g., profound neutropenia of 
a significant duration or prolonged use of corticosteroids), or 
even under stressful environments. Previous fungal infection 
may also predispose high-risk patients to subsequent systemic 
infections and relapse, because fungi can remain dormant for 
some time and become reactivated when the patient is immu- 
nosuppressed again (Esha, Shubham, and Rawat, 2010; Jain, 
Jain, and Rawat 2010). 

Other filamentous fungi include Fusarium spp., dema- 
tiaceous fungi (e.g., Allernaria spp.), and those of the order 
Mucorales (Mucor, Rhizopus, Rhizomucor, Cunninghamella, 
Lichtheimia, Saksenaea, Apophysomyces spp.), which have a 
predilection for patients on steroid therapy, severely immu- 
nocompromised hosts, and surprisingly, even normal indi- 
viduals (Patterson et al. 2016; Abu-Elteen and Hamad 2012). 
Infections due to these opportunistic molds are usually 
marked by poor responses to antifungal therapy, in vitro 
resistance to most available antifungals, and an overall poor 
outcome with an elevated mortality. Mucormycoses are gen- 
erally acute and rapidly progressive with mortality rates in 
humans of 70-100% (Petrikkos et al. 2012). 

The fact that mucormycosis is less common than inva- 
sive aspergillosis suggests that these pathogens possess 
fewer (and/or milder) virulence factors (Spellberg, Edwards, 
and Ibrahim 2005; Chayakulkeeree, Ghannoum, and Perfect 
2006). Common sites of infection include wounds, brain, and 
the respiratory system. In humans and in dolphins, some 
institutions have reported an increase in the incidence of 
mucormycosis coinciding with increased use of voriconazole, 
particularly in those patients under recurrent or prolonged 
voriconazole treatment, hence the possible link between 
drug overuse and predisposition to mucormycosis (Segal et 
al. 2007; Garcia-Parraga unpubl. data). 

Of the opportunistic yeasts, Candida spp. are clearly the 
most common. A high level of colonization by Candida in 
the gastrointestinal tract and oral cavity may also increase 
the threat of systemic/invasive infections caused by Candida 
albicans and other non-albicans Candida species (NACs). 
As with the filamentous fungi, a major contributory factor 
to infection is the use of antibiotics, which disrupts the nor- 
mal microbial flora. In humans, 95% of all Candida infec- 
tions are caused by four Candida spp., namely, C. albicans, 
C. glabrata, C. parapsilosis, and C. tropicalis (Hajjeh et al. 
2004). Candida glabrata is a significant NAC in some insti- 
tutions and geographic areas, with overuse of prophylactic 
antifungal agents accounting for this change in epidemiol- 
ogy (Tortorano et al. 2006). In other institutions and regions, 
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other NACs (e.g., C. tropicalis and C. parapsilosis) are becom- 
ing more prevalent. The same appears to be true in marine 
mammals; we are seeing more cases of C. glabrata and 
C. tropicalis in some delfinaria where antifungals are routinely 
prescribed. A major obstacle in treatment of these infections 
is their innate resistance to older-generation azoles and even 
echinocandins (Fidel, Vazquez, and Sobel 1999; Lewis et al. 
2013), in many cases leaving voriconazole or posaconazole as 
the main choices for therapy. 

Other opportunistic yeasts include Cryptococcus neo- 
jormans and C. gattii. They are the most common causes 
of fungal infections in humans but much less common in 
marine mammals. However, we have observed a rise in inci- 
dence in wild, stranded individuals in the Pacific Northwest 
of the United States (Tables 19.1 and 19.2). Infections occur 
through inhalation of the organisms that enter small respira- 
tory passages and become mostly dormant for a time, before 
reactivating in the lungs and/or lymph nodes (Bicanic and 
Harrison 2004; Subramanian and Mathai 2005). 


The Dimorphic (Endemic) Fungi 


These fungal infections (histoplasmosis, coccioidomycosis, 
and blastomycosis) can infect nearly all species of terrestrial 
and marine mammals, including those with intact immune sys- 
tems (Jain, Jain, and Rawat 2010). Dimorphic fungi, growing 
as molds in soil, cause infections by entering the respiratory 
tract and transforming into yeasts (Blastomyces dermatitidis 
and Histoplasma capsulatum) or endospores (Coccidioides 
spp.) in the mammal host. They have a restricted geographic 
distribution, and all cause disease with signs and clinical 
pathology easily confused with granulomatous diseases, such 
as tuberculosis (TB). 

Histoplasmosis (caused by Histoplasma capsulatum) is 
a fungus that requires high nitrogen-containing soils and is 
found in portions of the United States, the Caribbean, Central 
and South America, Middle Eastern countries, and more 
recently in Asia. It is particularly endemic to chicken coops 
and caves, due to high nitrogen levels in bird and bat drop- 
pings. It is caused by inhaling spores, which change into yeast 
in the lungs, become phagocytized by macrophages, and are 
disseminated hematogenously. Almost any individual who is 
infected with this organism has latent disease. Nonspecific 
respiratory signs characterize the acute phase, but individuals 
rarely appear sick, unless there is concomitant illness (Jain, 
Jain, and Rawat 2010). Histoplasmosis can remain latent and 
reactivate many years later. Clinically in humans, histoplas- 
mosis mimics TB. When the sequences of events in TB and 
histoplasmosis were compared, they were found to be similar, 
except for the huge load of endospores that disseminate in 
the lungs with TB. 

Coccioidomycosis (caused by Coccidiodes immitis or 
C. posadasii) is acquired by inhalation of dust containing 
arthrospores of the fungus. This fungus is dimorphic, occur- 
ring in the tissue as endospores and spherules, and in culture 


as the mycelial form. Unlike Histoplasma and Blastomyces, 
Coccidoides spp. turn into spherules (not yeast), composed of 
endospores, in the body. 

Blastomycosis is another endemic fungal infection caused 
by the dimorphic species Blastomyces dermatitidis that lives 
in soil as a mold and, upon inhalation and exposure to body 
temperature, becomes yeast in the lungs. It likes organic 
debris and humidity, such as is found in woodlands, beaver 
dams, marshes, and peanut farms, particularly in areas of the 
mid-Atlantic, Carolinas, and Mississippi River valleys of the 
United States, and in parts of Africa, the Arabian Peninsula, 
and the Indian subcontinent. It is inhaled as aerosolized 
spores, settles in the lungs, and transforms into yeasts capable 
of disseminating, especially to bones and kidneys. 


Clinical Manifestations 


Clinical presentations of mycotic diseases are frustratingly 
nonspecific, ranging from chronic to fulminating, just as with 
some bacterial or viral diseases. Fungi can affect any tissue, 
so unless the fungus can be identified, the origin of the dis- 
ease may remain unknown. A thorough history focusing on 
types and extent of previous illnesses, and response to past 
and present treatments, may give clues to the identity of the 
fungus. A disease that initially appears responsive to antibi- 
otics and then apparently becomes unresponsive could be 
evidence of a change to mycotic etiology. 

The only characteristic presentations are those of 
Paracoccidioidomycosis ceti (formerly lobomycosis), caused 
by Paracoccidioides brasiliensis (Vilela et al. 2016), produc- 
ing multifocal white crusts involving large areas of skin in 
bottlenose dolphins; CNS mycoses (especially involving either 
the Mucorales or Aspergillus fumigatus), in which animals 
develop rapidly escalating abnormal neurological clinical 
signs, with acute death; and oral-esophageal candidiasis that 
produces white, raised to red circular lesions in the oral cavity 
(especially tongue) and esophagus. 

Dermatophytes, as keratinophilic fungi in pinnipeds, can 
also lead to some characteristic ring lesions in fur or cause 
nail lesions, typically affecting the most superficial structures 
of the skin, but not invading deeper tissues. 


Clinical Diagnostic Features 


Laboratory findings from individual marine mammals with 
opportunistic mycotic infections often reveal hematologi- 
cal and biochemical changes indistinguishable from bacte- 
rial or viral infections (Joseph et al. 1986, Magnussen 1992; 
Coleman et al. 1995). Good examples are individuals with 
initial stages of mucormycosis in which laboratory findings 
are unremarkable until the later stages of disease, at which 
time muscle- and liver-specific enzymes escalate because of 
tissue infarction. On the other hand, individuals with allergic 
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bronchopulmonary aspergillosis or endemic fungal infections 
generally present with blood work that indicates chronic 
granulomatous diseases, including persistent leukocyto- 
sis, Monocytosis, eosinophilia, and hyperproteinemia with 
hypergammaglobulinemia. In some of these fungal respira- 
tory cases, eosinophils (Table 19.1) could be observed in 
routine blowhole cytologies (otherwise absent in the healthy 
patient). 

The practice of culturing nasal, gastric, and stool sam- 
ples has limited use. For example, growing A. fumigatus or 
a Mucorales from a respiratory mucous membrane may be 
cause for concern. However, unless there is a high clinical 
suspicion of invasion, these fungi should be considered sap- 
robic, as they are easily airborne and may present during 
sampling of both outdoor and indoor air. Clinical findings 
that indicate potential invasive disease include presence of 
hyphae in association with inflammatory infiltrate on respira- 
tory cytology, ability of the isolate to grow at 37°C on culture, 
and presence of an inflammatory blood profile. 

Different serological tests may also help in diagnosis; 
however, demonstration of invasive disease generally requires 
the identification of fungal elements directly in the clinical 
specimen associated with a host reaction (Ribes, Vanover- 
Sams, and Barker 2000). In some cases of respiratory disease, 
bronchoscopy with additional bronchoalveolar lavage (BAL), 
and/or biopsy sampling from observed lesions is required 
for confirmation of the specific fungal element. Additionally 
other diagnostic imaging techniques including, ultrasound 
(ung surface, and evaluation of pulmonary lymph nodes), 
radiography, or CT could help evaluate severity and extension 
of respiratory damage. 

Because many mammals have Candida spp. as part of 
their microflora (Sidrim et al. 2015), the discovery of it in 
blowhole, stomach, or stool samples may also cause confu- 
sion. Unless cytological examination reveals evidence of local 
invasion, such as the presence of budding yeasts, hyphae, 
and/or pseudohyphae, and the presence of inflammatory 
cells, the fungus should be considered a colonizer. 

As previously mentioned, a relatively useful predictor of 
invasive disease is identifying inflammatory cells in samples 
of exudates and comparing them to the numbers of epithelial 
cells (JJeraj and Sweeney 1996). On the other hand, biopsy, 
aspiration, scrapings, or BAL may be definitive diagnostic 
procedures. For biopsies, especially when the Mucorales are 
suspected, it is advisable to divide tissue for histopathology 
and for direct placement on selective fungal culture media. 
This is because these fungi can be difficult to grow from a 
culturette swab only and may be rendered nonviable if the 
tissue is ground before plating out on microbiologic media 
(Rinaldi 1989). Maintaining some frozen samples can also 
help with the molecular diagnostics (PCR), in case histopa- 
thology and cultures are unsuccessful. Many of the Mucorales 
produce erect aerial mycelia, described as fibrous or “cotton 
candy like,” with vigorous growth (characteristics responsible 
for the group designation as “lid lifters”; Ribes, Vanover-Sams, 


and Barker 2000). Already mentioned, fungi are typically cul- 
tured at lower temperatures (20-25°C), but growth at 37°C 
could add clarification in the diagnosis, as this could be con- 
sidered a pathogenicity marker. 

Each of the fungi may be differentiated from other 
mycotic agents by morphological examination of cytologi- 
cal specimens or tissue sections. A positive culture linked 
to hyphal identification in cytological specimens or tissue 
sections, especially in association with an inflammatory 
response, is considered diagnostic, although further specific 
serological testing could help in confirmation. Mucorales in 
respiratory specimens can be differentiated from the dimor- 
phic mycotic pathogens because they do not produce a yeast 
phase at this site. The major differentiation must be made 
between the Mucorales, Candida spp., and other filamen- 
tous fungi (mostly Aspergillus spp.). The morphology of the 
hyphae is most important in examining clinical specimens: 
with Mucorales species producing wide-angle branching rib- 
bonlike (nonseptate or poorly septate) hyphae (of which each 
species is differentiated based on the morphology of the indi- 
vidual sporangia), with Aspergillus fumigatus producing sep- 
tate hyphae; and with Candida spp. producing either true 
hyphae or pseudohyphae and blastoconidia (Ribes, Vanover- 
Sams, and Barker 2000). 

For confirmation of the diagnosis, tissue biopsy and sub- 
sequent fungal culture offer the advantages of performing 
antifungal susceptibility testing of the isolate. This allows the 
clinician to know antifungal minimum inhibitory concentra- 
tions (MICs) for the particular isolate, facilitating the therapeu- 
tic approach. Invasive mycoses typically require prolonged 
treatments before considered full resolution. It is important 
then to repeat susceptibility testing throughout treatments, 
since some fungal species can become rapidly resistant, espe- 
cially if the treatment regimen is inadequate. Ideally, blood 
levels of antifungal drugs should also be measured (and main- 
tained above certain thresholds reported in the literature) to 
improve efficacy over and above the specific levels calculated 
based on MICs obtained from each particular isolate. 


Molecular and Serodiagnostic Mycology 


Since taking biopsies or culturing the organism may be dif- 
ficult, slow, and even insensitive, molecular and serological 
means of diagnosis are gaining favor. However, even these 
methods are affected by the clinical state of the patient 
and whether prophylaxis (a therapeutic regimen called anti- 
mold prophylaxis) for fungal infections has been instituted. 
A revealing example of this bottleneck is the diagnosis of 
invasive aspergillosis, in which serum testing for fungal 
galactomannan is about 80% sensitive for the detection of 
this disease in neutropenic patients who are not receiving 
mold-active antifungal agents but only about 20% sensitive 
if the patients are on therapeutic prophylactic drugs (Brown 
et al. 2012). 
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Increasingly, DNA sequence analysis is being used in ref- 
erence laboratories to identify “cryptic” species that are mis- 
identified by microscopic appearance, or only identified to 
the complex level. Overall, direct comparison studies have 
shown Aspergillus PCR to be substantially more sensitive 
than culture in blood and respiratory fluids. The sensitivity of 
Aspergillus PCR on BAL fluid was higher than within blood, 
but in many instances, its specificity was lower. Despite 
these promising results, Aspergillus PCR cannot yet be rec- 
ommended for routine use in clinical practice, because few 
assays have been standardized and validated, and the role of 
PCR testing in patient management is not established. 

Although the diagnosis of chronic pulmonary aspergillo- 
sis is theoretically uncomplicated with detection of circulating 
antiaspergillus antibodies as a main diagnostic tool, antibody 
detection itself is far from standardized, with few commercial 
suppliers and a lack of consensus among clinicians on per- 
formance characteristics. These complexities, combined with 
subtle clinical presentations, often result in delayed diagnosis 
and compromised clinical care. 

For pulmonary aspergillosis, bronchoscopy fluids should 
be examined microscopically for hyphae and cultured on 
specialized media for species identification (Enoch, Ludlum, 
and Brown 2006). While culture of bronchial fluid is specific 
(>95%), it lacks sensitivity (80-50%); therefore, combining it 
with Aspergillus serum antigen (galactomannan) appears to 
be helpful in early diagnosis of invasive pulmonary asper- 
gillosis. However, false-positive results have been reported 
in several contexts, including in patients who have received 
certain antibiotics (most notably piperacillin/tazobactam, 
which appears now to no longer be cross-reactive, and amox- 
icillin/clavulanate), particularly in young individuals due to 
lack of maturity of intestinal barrier (especially if fed with 
artificial formulas; Siemann, Koch-Dorfler, and Gaude 1998; 
Gangneux et al. 2002) and in patients with other invasive 
mycoses (including fusariosis, histoplasmosis, and blastomy- 
cosis; Patterson et al. 2016). 

For the Mucorales, culture is still the gold standard, how- 
ever, recent advances have shown promise. For Apophysomyces 
elegans, an ELISA test for serum antibodies has been devel- 
oped with 100% sensitivity of culture-positive serum samples 
being positive within the first 4-7 days of appearance of clini- 
cal signs in bottlenose dolphins (Barger et al. 2012). The test 
specificity was 95%, due to cross-reactivity from two dolphins 
with a related mucormycotic fungal infection (that classified 
these dolphins as “suspect”), and no false positives occurred 
from serum samples of healthy dolphins or those with non- 
fungal illnesses. Unfortunately, there are no similar tests for 
other species, and this ELISA test has shown cross-reactivity 
with other species yet to be identified. 

Antibody and some antigen tests for the endemic fungi 
are considered fairly reliable. The diagnostic detection of 
cryptococcal capsular polysaccharide in serum by using 
latex agglutination (LA) or ELISA has an overall sensitiv- 
ity and specificity of 93-100% or 93-98%, respectively. A 


lateral flow assay (LFA) was recently introduced and com- 
pares favorably with LA and ELISA. An ELISA test for blas- 
tomycosis, performed on serum or urine, detects a cell wall 
galactomannan antigen found in B dermatitidis, however, 
the cross-reactivity with H. capsulatum is close to 100%. 
Therefore, in patients with blastomycosis, the sensitivity or 
specificity of these tests is not clear. For Coccidioides spp., 
immunodiffusion UD) and complement fixation (CF) meth- 
ods can detect specific immunoglobulin G UgG). The CF 
titer is also useful as a quantitative measure of the extent 
and progression of disease. For Histoplasma, the standard 
assays are the CF test that uses two separate antigens, yeast 
and mycelial (or histoplasmin), and the immunodiffusion 
(ID) assay. Diagnosis is based on a fourfold rise in CF anti- 
body titer; a single titer of 21:32 is suggestive but not diag- 
nostic (Enoch, Ludlum, and Brown 2006). 

Cultures of blood or other samples collected under sterile 
conditions have long been considered diagnostic gold stan- 
dards for invasive candidiasis. Nonculture diagnostic tests, 
such as antigen, antibody, or B-D-glucan detection assays, and 
polymerase chain reaction (PCR) are now entering clinical 
practice as adjuncts to cultures. If used and interpreted judi- 
ciously, these tests can identify more patients with invasive 
candidiasis and better direct antifungal therapy. Compared 
to cultures, PCR assays (ViraCor-IBT, Lee’s Summit, Missouri) 
have been shown to shorten the time to diagnosis of invasive 
candidiasis and initiation of antifungal therapy (Pappas et al. 
2016). The only caveat of using the B-D-glucan detection test 
is that this is not only a cell wall constituent of Candida spp., 
but also Aspergillus spp., Pneumocystis jiroveci, and several 
other fungi; so, true positive results are not specific for inva- 
sive candidiasis, but rather, suggest the possibility of an inva- 
sive fungal infection. 

Combining different serological tests including B-D-glucans 
(Fungiltell), Aspergillus galactomannan antigen (Platelia), and 
specific antibody titers to specific fungi can aid in making a 
more definitive diagnosis. Furthermore, when performed dur- 
ing therapy, they can be very useful for assessing the effec- 
tiveness of the treatment, the necessity for readjustment, and 
when to discontinue treatment, and even for early detection 
of relapse. 

Although pyrosequencing (DNA sequencing by determin- 
ing the order of nucleotides in DNA) is a relatively inexpensive 
and a fairly rapid DNA sequencing method that uses novel 
chemistry to sequence short (+70 bp) fragments within prese- 
lected regions of the genome in question, most recent stud- 
ies suggest that pyrosequencing is not reliable with clinical 
samples (Gharizadeh et al. 2006). Recent advances in fungal 
genomics and proteomics are helping in this regard, as PCR- 
based and MALDI-TOF MS (matrix assisted laser desportion/ 
ionization time of flight mass spectrometry) identification of 
clinical isolates from culture-positive isolates is proving to be 
far superior, as compared to conventional biochemical iden- 
tification panels (e.g., API-20C-AUX, VITEK ID-YST; Bruker 
and bioMerieux). 
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Therapeutics 


Although antifungal treatments for invasive fungal infections 
have increased substantially in the past decade, when these 
drugs are prescribed, patient outcome may still be disap- 
pointing. Yet, antifungal drugs have had only modest success 
in reducing the high mortality rates associated with invasive 
mycoses, due in large part to the lack of early and directed 
antifungal therapy, caused by delays in disease diagnosis and 
fungal identification. 

Therapeutic drug monitoring of antifungal concentrations 
within biological fluids may provide useful information in the 
management of invasive fungal infections. Generally, for ther- 
apeutic drug monitoring to be of use, various criteria need 
to be considered. First, a validated clinical assay for fungus 
susceptibility (MIC) must be available locally, or using a refer- 
ence laboratory that reports results back in a timely fashion 
(within days); otherwise, the impact of monitoring antifungal 
concentrations on clinical decision making will be limited. 
Susceptibility testing of yeast is fairly reliable with commer- 
cial assays (e.g., YeastOne and Etest), but for molds, testing is 
much more difficult and only performed by reference labora- 
tories. Long-term sensitivity testing should be repeated, since 
it can vary with chronic therapy. Second, the antifungal agent 
must have an established therapeutic range, such that treat- 
ment success can be improved or toxicity potentially reduced, 
if patients are dosed to maintain concentrations within this 
therapeutic window (and if known, over the MIC for the spe- 
cific fungal isolate). Finally, the drug must have limited intra- 
patient or interpatient pharmacokinetic variability, such that 
variations in serum levels will not jeopardize the effectiveness 
of therapy with standard dosing guidelines. 

Drug absorption variability is especially relevant in the 
case of azole antifungals where food consumption (especially 
fat component of the meal) and gastric pH can significantly 
affect bioavailability. Fat components of the diet will increase 
absorption of some azoles, up to a point that if the drug is 
administered with fish oil, blood levels could even double 
(Garcia-Parraga unpubl. data). Contrarily, with the use of ant- 
acids that increase gastric pH, the absorption may be greatly 
limited. For these reasons, due to risk of toxicity and potential 
variation in blood levels, therapeutic drug monitoring of cer- 
tain antifungals is recommended at least in prolonged and/or 
complicated cases or with those drugs with narrower safety 
margins (Walters et al. 2009; Ferrier et al. 2017). Blood lev- 
els should always be maintained over the reference MIC for 
the species, or the specific MIC of the isolate at least, during 
the time the pathogen is still considered present. Antifungal 
agents for which routine therapeutic drug monitoring may 
be recommended include voriconazole, itraconazole, and 
posaconazole. 

There are no established breakpoints (letermination of 
susceptible or resistance) for molds in cetaceans; however, it is 
believed that establishing a serum trough level up to six times 
the MIC may be necessary for certain fungi (Seyedmousavi 


et al. 2014). For some formulations of azoles this may not be 
possible, as is the case for liquid vs. the sustained-release 
formations of posaconazole (Guarascio and Slain 2015). This 
may also be true for other azoles such as itraconazole where 
bioavailability is affected by the delivery vehicle G.e., powder 
vs. beadlet formations) or by the addition of high-fatty diets 
(e.g., fish oil) that increase gastrointestinal absorption and 
therefore drug serological levels. 


Specific Therapies 


Several families of antifungal drugs are available to treat 
mycotic infections in marine mammals (see Table 19.3). 


1. The azole group of antifungal drugs is pharmacologi- 
cally divided into two groups: the imidazoles, which 
have two nitrogen atoms within the five-member ring, 
and the triazoles, which have three nitrogen atoms. 
These antifungals target the ergosterol biosynthesis 
pathway and trigger formation of toxic by-products 
that may be lethal to fungi. All raise host animal 
blood levels of hepatic transaminases; these elevated 
levels are usually reversed by discontinuation. For 
this reason, these drugs are frequently administered 
to marine mammals in association with some liver 
protectors (e.g., silymarin; see Chapter 27), which 
are thought to work by stabilizing the membrane 
of the hepatocyte. The real effect in mitigating liver 
damage is unknown, but at least empirically, silyma- 
rin seems to help in decreasing the plasma levels of 
transaminases associated with the therapy. The most 
common drugs in this family are as follows: 

i. Fluconazole (Diflucan, Vinci Farma): In humans, 
fluconazole resistance in C. glabrata isolates and 
other NACs is increasing, while Candida krusei 
is intrinsically resistant (Ostrosky-Zeichner et al. 
2003; Kibbler et al. 2003; Rodrigues, Silva, and 
Henriques 2013). For this reason, susceptibility 
testing for azole resistance is increasingly used to 
guide the management of candidiasis in patients, 
especially in situations where there is failure to 
respond to the initial empirical therapy (Pappas 
et al. 2016). 

ii. Itraconazole (Sporanox, Janssen-Cilag): Itraconazole 
has a wider spectrum than fluconazole. It is active 
against yeasts and molds, with the exception of 
Fusarium spp. and Scedosporium spp. Johnson, 
Szekely, and Warnock 1998). The most common 
side effect, other than raised hepatic transami- 
nases (noted above), is gastrointestinal upset. 

iii. Voriconazole (Vfend, Pfizer): Voriconazole has a 
spectrum similar to that of itraconazole but extend- 
ing to several emerging molds, including some 
Fusarium spp. and Scedosporium spp., other 
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than Lomentospora (Scedosporium) prolificans. It 

is the preferred agent for treatment and preven- 

tion of invasive aspergillosis in most patients, but 
can be quite hepatotoxic (den Hollander et al. 

2006) and is contraindicated in the treatment of 

infections caused by the Mucorales. 

iv. Posaconazole (Noxafil, MSD) and isavuconazole 
(Cresemba, Basilea Medical Ltd): Posaconazole 
and isavuconazole have potent activity against 
both yeasts and molds, including Aspergillus 
spp. and members of the order Mucorales. 
Posaconazole is now the drug of choice for treat- 
ment of mucormycosis in bottlenose dolphins, 
with some promising successful outcomes during 
the last few years (Table 19.2). It comes in two 
oral formulations, including a delayed-release 
tablet that allows for less frequently dosing and 
higher bioavailability in humans. For more resis- 
tant fungi, both Murcoales and some Aspergillus 
spp. doses, ranging from 3.3 to as high as 7.2 mg/ 
kg @ith the aim of producing blood levels above 
3 mg/D, have proven useful without any detect- 
able side effects. 

2. Flucytosine (Ancotil, Valeant): Flucytosine is active 
against Candida spp., Cryptococcus spp., and some 
filamentous fungi. However, flucytosine must be 
combined with another antifungal agent because of 
the rapid emergence of resistance when used alone. 
Gastrointestinal side effects (nausea and diarrhea), 
hepatotoxicity, and bone marrow suppression are 
reversible on discontinuation of the drug. 

. Echinocandins: These are newer antifungal agents 
that are synthetic derivatives of lipopeptides produced 
by various fungi, including Aspergillus spp. Clinically 
available agents include caspofungin, micafungin, and 
anidulafungin. The echinocandins inhibit (1-3)-B-D- 
glucan synthase, an enzyme that is critical for the pro- 
duction of (1-3)-B-D-glucan, which is important for cell 
wall integrity. Inhibition of this enzyme can ultimately 
result in cell lysis (Ramana et al. 2013). 

Advantages with echinocandins include less toxic- 
ity and possibly synergistic activity in combination 
with other antifungals. The spectrum of echinocan- 
dins is limited to Candida spp. and Aspergillus spp.; 
however, the echinocandins may maintain activ- 
ity against isolates that have developed resistance 
to the azoles, including C. glabrata isolates (Enoch, 
Ludlum, and Brown 2006). These agents have also 
been used to treat invasive aspergillosis in human 
patients who are refractory to or intolerant of other 
antifungal agents, including azoles and amphotericin 
B formulations. 

. Polyenes, including amphotericin B (AmB-D; 
Fungizone, Bristol Myers), AmBisome (Gilead), and 
Nystatin (Mycostatin, Bristol Myers): AmB-D has 


long been considered standard therapy for serious 
fungal infections, especially for invasive aspergillosis 
and mucormycosis. Nephrotoxicity limits its use in 
marine mammals, although the liposomal formula- 
tions may offer some safety. Amphotericin B can be 
administered as a nebulized agent in marine mam- 
mals, being well tolerated, with demonstrated effi- 
cacy in some respiratory fungal infections. In marine 
mammals, the liposomal form nebulized at 25 mg 
in 5 ml of sterile water (do not use saline) BID has 
given promising results in some refractory respira- 
tory mucormycosis infections in adult bottlenose 
dolphins, minimizing the side effects of systemic 
therapy. On the other hand, aerosolized amphotericin B 
(10 mg twice daily), when compared with no prophylaxis 
Gn a randomized trial with human patients), resulted 
in no differences in mortality, and additionally, it was 
poorly tolerated (Enoch, Ludlum, and Brown 2006). 

Nystatin is considered a relatively safe drug for 
treating oral or gastrointestinal fungal infections 
caused by Candida spp. It has renal toxicity in 
humans when given intravenously, but when used 
topically or orally, it is not absorbed across intact skin 
or mucous membranes. 


. Terbinafine (Lamisil, Novartis): This squalene expox- 


idase inhibitor is highly hydrophobic and tends to 
accumulate in hair, skin, nails, and fatty tissues. It is a 
well-established agent in the treatment of onychomy- 
cosis, and due to its broad antifungal spectrum, use 
has expanded to include treatment of a range of cuta- 
neous and subcutaneous mycoses, such as sporotri- 
chosis, eumycetoma, and chromoblastomycosis. For 
some cases of resistant mucormycosis, terbinofine 
has been used in combination with posaconazole or 
itraconazole at twice the recommended dose. 


. Combination therapies: The combination of triazole 


and echinocandin agents (caspofungin, anidulafungin, 
and micafungin) exhibits synergistic to additive inter- 
actions. Although still unproven, the combination of 
triazoles and terbinafine shows promise for treatment 
of patients with Aspergillus, the Mucorales, Fusarium, 
and resistant Candida infections (Dolton et al. 2014). 
On the other hand, triazole and polyene combinations 
may be antagonistic (Patterson et al. 2016). Antagonism 
has been demonstrated in vitro and in some animal 
models. However, this was not observed in a large 
human clinical study that evaluated the combination 
of amphotericin B plus fluconazole for the treatment 
of candidemia (Rex et al. 2003). 


Prophylaxis 


The value of antimycotic prophylaxis against invasive asper- 
gillosis, especially in humans at high risk of invasive disease, 
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was found to be very effective (Corneley et al. 2007), but 
there are no well-defined studies or cases in marine mam- 
mals. In cases of long-term antibiotic therapy in marine mam- 
mals, Nystatin is frequently given to prevent overgrowth of 
gastrointestinal yeasts. 


Conclusions 


The landscape of fungal infections in marine mammals has 
certainly changed over the past 20 years, highlighted by a 
significant rise in the incidence of mucormycotic infec- 
tions similar to what has been seen in humans (Bitaf et al. 
2014). Additionally, we are seeing a growing number of wild 
stranded individuals (both cetaceans and pinnipeds) with dis- 
seminated mucormycosis. Unlike human infectious diseases 
that can be readily explained by a number of factors, includ- 
ing the overuse of prophylactic antimicrobial and immune 
suppressive agents—as well as the rise in cirrhosis, renal fail- 
ure, cancer, or transplant patients—the explanation for the 
rise in infections in marine mammals is more nebulous. 

Certainly, construction in and around marine mammal 
pools, whether they are landlocked or in natural sea pens, 
can have direct and indirect impacts on the health of marine 
mammals, especially cetaceans. Individuals living nearshore, 
and especially near urban areas, are more impacted by 
anthropogenic pollutants such as aerosols produced by con- 
struction and industry, as well as winds carrying pathogens 
in dusts, fogs, and smog. Unfortunately, many of these will be 
difficult, if not impossible, to stop. But if care is taken to limit 
the spread of aerosolized organic materials from construc- 
tion works or using high-water-pressure cleaning systems 
near pools housing cetaceans, some mycotic infections can 
be avoided. 

Most mycotic infections share clinical, hematological, and 
serum biochemical aspects of bacterial and viral infections. 
Clinical presentations are frustratingly nonspecific, ranging 
from chronic to fulminating, while laboratory findings sim- 
ply demonstrate acute or chronic inflammation. Although 
serodiagnostic tests for systemic fungi have improved, most 
only help to partially orient diagnostic assessments. With 
the exception of Paracoccidioides brasiliensis, which has 
never been successfully cultured, lesion biopsy and culture, 
combined, if possible, with serology for a better interpreta- 
tion, are in fact the most conclusive methods for diagnosing 
mycotic infections. 

In some instances, representative samples cannot be eas- 
ily collected and/or cannot be rapidly analyzed for a definitive 
result. For these reasons, information derived from regular 
cytologies and cultures, in association with the clinical his- 
tory, physical exam, and routine blood analysis, with the 
inclusion of the more specific serological fungal tests (fungal 
metabolite detection, specific antigens, and specific antibod- 
ies), may help the clinician establish a presumptive fungal 
diagnosis, thus supporting a pertinent therapy. Therapeutic 


monitoring of drug levels, metabolites, and titers in combina- 
tion with standard blood analysis and clinical signs provides 
a rationale for therapy readjustment. 

Although it appears that the fungi are winning the 
battle, the introduction of more powerful triazoles such as 
voriconazole, posaconazole SR, and ravuconazole are level- 
ing the playing field, giving clinicians a shot at successful 
outcomes for some of the most serious mycotic infections, 
such as invasive aspergillosis and even mucormycosis. For the 
emerging drug-resistant fungi, combinations of various drugs 
(e.g., later-generation triazoles and echinocandins [specifi- 
cally Caspofungin or Terbinafine]) provide even more hope 
(Revankar, Nailor, and Sobel 2008). 

Diagnostic modalities appear to be catching up with ther- 
apeutics, but for some fungal infections such as some mucor- 
mycoses, reliable serodiagnostics are still lacking, and clinical 
impression and experience of the clinician remain essential 
on each case interpretation. No longer can a clinician wait 
for culture results for many of these invasive diseases. In 
some cases, treatments need to commence before a defini- 
tive diagnosis can be made. Molecular biologic techniques, 
especially PCR and metabolic by-product technologies, are 
showing the best promise that will ultimately make timely 
antemortem diagnoses possible, which should lead to more 
successful outcomes. 
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Introduction 


The past two decades have seen numerous discoveries of 
single-celled parasites (protozoa) infecting marine mam- 
mals, including normal biota, primary pathogens, and spe- 
cies that can be categorized as either, depending upon host 
health status. With the advent of molecular sequencing, sev- 
eral uncharacterized species have been glimpsed from time 
to time, but their taxonomic identity, biology, and life cycle 
are unknown, and new marine mammal parasites are con- 
tinually being discovered. Protozoa infect marine mammals 
worldwide; several medically important species can cross 
ecological barriers between terrestrial and marine ecosys- 
tems, while others appear to cycle exclusively within the 
marine environment. 

To facilitate discussion, marine mammal protozoa are 
organized into five broad taxonomic groups with shared attri- 
butes: CD systemic apicomplexa (apicomplexans are protozoa 
that possess a specialized structure called an apical complex 
that facilitates host cell invasion); (2) enteric apicomplexa; 
(3) flagellates; (4) ciliates; and (5) amoebae. Prior reports are 
listed in temporal order within each marine mammal group 
(Table 20.1): phocids (seals), otariids (sea lions), odobenids 
(walruses), odontocete cetaceans (toothed whales), mysticete 
cetaceans (baleen whales), marine or sea otters, sirenians 
(manatees and dugongs), and ursids (polar bears). In cases 
where infections of closely related terrestrial and freshwa- 
ter mammals were reported, these species are also included. 
The most commonly reported marine mammal protozoan 
parasites by group are the systemic apicomplexa (especially 
Toxoplasma gondii, Neospora spp., and Sarcocystis spp.), 
the enteric apicomplexa (e.g., Eimeria and Cryptosporidium 
spp.), and certain flagellates (e.g., Giardia spp.) and ciliates 
(e.g., Kyaroikeus cetarius). 


Systemic Apicomplexa 


Toxoplasma gondii 


The genus Joxoplasma consists of a single species (T. gondii) 
with several different genetic strains (genotypes). The life 
cycle involves definitive hosts that shed oocysts in feces, and 
intermediate hosts that support the development of extrain- 
testinal tissue cysts containing hundreds to thousands of 
banana-shaped tachyzoites and bradyzoites. Only domes- 
tic and wild felids (cats) are known to serve as definitive 
hosts, shedding environmentally resistant oocysts in feces. 
Clinically normal cats can defecate millions of T! gondii 
oocysts over a 2-week period following initial infection. 
After fecal shedding by cats, oocysts sporulate (become 
infective) within 5 days and may remain viable for months 
to years, depending on environmental conditions. All warm- 
blooded vertebrates (e.g., cats, rodents, birds, humans, and 
marine mammals) can serve as intermediate hosts. New 


hosts are infected by consuming intermediate hosts, sporu- 
lated oocysts, and/or oocyst-contaminated paratenic hosts 
(e.g., clams, snails, or mussels), contaminated water, or via 
transplacental dissemination. 

Following ingestion by intermediate hosts, 7: gondii 
leaves the intestinal tract and spreads systemically as rap- 
idly multiplying tachyzoites. Infection can be fatal, espe- 
cially for fetuses, immunosuppressed individuals, or highly 
susceptible species. As host immunity develops, rapidly 
multiplying tachyzoites convert to less active bradyzoites, 
forming tissue cysts in the central nervous system, skel- 
etal muscle, myocardium, and other tissues (Plate 20.1). 
Infection then becomes chronic and tissue cysts may persist 
for life. Reactivation of systemic infection (recrudescence) 
can occur when host immunity wanes. Concurrent infection 
(e.g., morbillivirus, bacterial sepsis, or infection by other 
protozoan parasites) may trigger T: gondii recrudescence. 

It is important to distinguish between reports of 7! gondii 
infection (often an incidental finding) and toxoplasmosis 
(disease and/or pathology associated with T: gondii infec- 
tion). The latter term is commonly misused in the scientific 
literature. Infection or seropositivity has since been reported 
in marine mammals worldwide (Table 20.1). Limited testing 
suggests that 7: gondii prevalence is higher in marine mam- 
mals from temperate and tropical areas with higher human 
(and cat) abundance, but some wild Arctic and Antarctic 
phocids, polar bears (Ursus maritimus), and cetaceans also 
demonstrate seropositivity and/or infection, prompting con- 
cern regarding marine mammal consumption by people 
in indigenous communities (McDonald et al. 1990; Messier 
et al. 2009). 

All marine mammals are capable intermediate hosts for 
T. gondii. Although several studies have reported T. gon- 
dii seropositivity in polar bears, infection has not yet 
been confirmed (Table 20.1). Incidental infection was also 
reported in a fin whale (Balaenoptera physalus) in the 
Mediterranean Sea (Mazzariol et al. 2012), but reports of 
T. gondii—associated mortality have not yet been reported 
in mysticetes, possibly reflecting challenges with sampling 
large whales, limited testing, ecological barriers to expo- 
sure (especially for more pelagic species), carcass recov- 
ery, and/or low susceptibility. 

One of the most important attributes of T! gondii infec- 
tion of marine mammals is as an indicator of land-based 
biological pollution, possibly reflecting the extent of anthro- 
pogenic change to regional watersheds. Marine mammal 
infections (other than transplacental transmission) are asso- 
ciated with ingestion of sporulated oocysts from felid feces 
(Fayer, Dubey, and Lindsay 2004; Miller et al. 2008b). A high 
prevalence of 7’ gondii infection has been reported for some 
marine mammal populations; at least 36% of necropsied sea 
otters (Enhydra lutris) in California, USA are infected with 
T. gondii, and 260% are seropositive (Miller et al. 2002b). 
The proportion of seropositive sea otters progressively 
decreases when moving northward from California to Alaska, 
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Table 20.1 Toxoplasma gondii or T. gondii—-Like Protozoan Parasite Exposure in Marine Mammals 


Host 
Harbor seal (Phoca vitulina) 


Harbor seal (Phoca vitulina) 
Harbor seal (Phoca vitulina) 
Harbor seal (Phoca vitulina) 
Harbor seal (Phoca vitulina) 
Harbor seal (Phoca vitulina) 
Harbor seal (Phoca vitulina) 
Harbor seal (Phoca vitulina) 
Harbor seal (Phoca vitulina) 
Harbor seal (Phoca vitulina) 
Harbor seal (Phoca vitulina) 
Harbor seal (Phoca vitulina) 
Harbor seal (Phoca vitulina) 
Harbor seal (Phoca vitulina) 
Harbor seal (Phoca vitulina) 
Harbor seal (Phoca vitulina) 


Ringed seal (Phoca hispida) 
Ringed seal (Phoca hispida) 
Ringed seal (Phoca hispida) 
Ringed seal (Phoca hispida) 

Harp seal (Phoca groenlandica) 
Harp seal (Phoca groenlandica) 
Bearded seal (Erignathus barbatus) 
Bearded seal (Erignathus barbatus) 
Bearded seal (Erignathus barbatus) 
Bearded seal (Erignathus barbatus) 
Spotted seal (Phoca largha) 
Spotted seal (Phoca largha) 

Ribbon seal (Phoca fasciata) 
Ribbon seal (Phoca fasciata) 
Hooded seal (Crystophora cristata) 
Gray seal (Halichoerus grypus) 
Gray seal (Halichoerus grypus) 


Gray seal (Halichoerus grypus) 
Gray seal (Halichoerus grypus) 
Monk seal (Neomonachus schauinslandi) 


Monk seal (Neomonachus schauinslandi) 
Monk seal (Neomonachus schauinslandi) 
Monk seal (Neomonachus schauinslandi) 


Northern elephant seal (Mirounga 
angustirostris) 
Northern elephant seal (Mirounga 
angustirostris) 


Host Location 
Wild, AK, USA 


Wild, CA, USA 
Wild, WA, USA 
Wild, CA, USA 
Wild, AK, USA 
Wild, Eastern Canada 
Wild, CA, USA 
Wild, Japan 
Wild, Norway 
Wild, AK, USA 
Wild, Northern Canada 
Wild, AK USA 
Wild, CA, USA 
Wild, France 
UNK, Germany 
Wild, West Coast USA 


Wild, NE Atlantic 
Wild, AK, USA 
Wild, Norway 

Wild, Northern Canada 
Wild, NE Atlantic 
Wild, Eastern Canada 
Wild, AK, USA 
Wild, Japan 
Wild, Norway 
Wild, Northern Canada 
Wild, AK USA 
Wild, Japan 
Wild, AK, USA 
Wild, Japan 
Wild, Eastern Canada 
Wild 
Captive, Eastern 
Canada 

Wild, UK, France 
Wild, France 
Wild, HI, USA 


Wild, HI, USA 
Wild, HI, USA 
Wild, HI, USA 
Wild, CA, USA 


Wild, CA, USA 


Tests Used to 
Detect 


HP 


HP 
S 
S, ISO, PCR 
S 
S 
ISO, PCR, SUB 
S 
S (all seroneg.) 
S (all seroneg.) 
S 
S (all seroneg.) 
S 
S, PCR 
O 
HP, IHC, PCR, 
SUB, S 
S (all seroneg.) 
S 
S 
S 
S (all seroneg.) 
S (all seroneg.) 
S 
S (seroneg.) 
S 
S 
S 
S (all seroneg.) 
S 
S (all seroneg.) 
Ss 
S 
HP, S, ISO, 
PCR, O 
S 
S, PCR 
HP, IHC, S, 
PCR, SUB 
S 
S 
HP, IHC, PCR, 
SUB 
HP 


HP, IHC 


Parasite- 


Associated 
Disease? 


Yes? 


Yes? 
No 
No® 
No 
No 
No? 
No 
No 
No 
No 
No 
No 
No 
N/A 
Yes 


No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 


No 
No 
Yes 


No 
No 
Yes 


Yes 


Unknown 


Reference 
Van Pelt and Dietrich 
1973 
Gulland et al. 1997 
Lambourn et al. 2001 
Miller et al. 2001a 
Dubey et al. 2003b 
Measures et al. 2004 
Conrad et al. 2005 
Fujii et al. 2006 
Jensen et al. 2010 
Hueffer et al. 2011 
Simon et al. 2011 
Hueffer et al. 2011 
Greig et al. 2014 
Lagrée and Corre 2015 
Reichel et al. 2015 
Barbosa et al. 2015 


Oksanen et al. 1998 
Dubey et al. 2003b 
Jensen et al. 2010 
Simon et al. 2011 

Oksanen et al. 1998 

Measures et al. 2004 
Dubey et al. 2003b 

Fujii et al. 2006 
Jensen et al. 2010 
Simon et al. 2011 
Dubey et al. 2003b 

Fujii et al. 2006 
Dubey et al. 2003b 

Fujii et al. 2006 

Measures et al. 2004 

Measures et al. 2004 

Gajadhar et al. 2004 


Cabezon et al. 2011 
Lagrée and Corre 2015 
Honnold et al. 2005 
Littnan et al. 2006 
Aguirre et al. 2007 
Barbieri et al. 2016 
Dubey et al. 2003b 


Dubey et al. 2004 
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Table 20.1 (Continued) Toxoplasma gondii or T. gondii—-Like Protozoan Parasite Exposure in Marine Mammals 


Host 

Southern elephant seal (M. /eonina) 
Southern elephant seal (M. /eonina) 
Weddell seal (Leptonychotes weddellii) 
California sea lion (Zalophus californianus 
California sea lion (Zalophus californianus 
California sea lion (Zalophus californianus 
California sea lion (Zalophus californianus 
California sea lion (Zalophus californianus 
California sea lion (Zalophus californianus 


seer Ne Ne ee 


California sea lion (Zalophus californianus) 
California sea lion (Zalophus californianus) 


Hookers sea lion (Phocarctos hookeri) 
Hookers sea lion (Phocarctos hookeri) 
Fur seal (Callorhinus ursinus) 

Fur seal (Callorhinus ursinus) 

Cape fur seal (Arctocephlus pusillus) 
Antarctic fur seal (A. gazella) 

New Zealand fur seal (A. forsteri) 
Steller sea lion (Eumetopias jubatus) 
South American sea lion (Otaria byronia) 
Walrus (Odobenus rosmarus) 

Walrus (Odobenus rosmarus) 

Walrus (Odobenus rosmarus) 


Guiana dolphin (Sotalia guianensis) 
Guiana dolphin (Sotalia guianensis) 


Amazon River dolphin (/nia geoffrensis) 
Killer whale (Orcinus orca) 

Killer whale (Orcinus orca) 

Killer whale (Orcinus orca) 

False killer whale (Pseudorca crassidens) 
Pilot whale (Globicephala melaena) 
Beluga (Delphinapterus leucas 
Beluga (Delphinapterus leucas 
Beluga (Delphinapterus leucas 
Beluga (Delphinapterus leucas 
Beluga (Delphinapterus leucas 
Beluga (Delphinapterus leucas 
Narwhal (Monodon nonoceros) 

Sperm whale (Physeter microcephalus) 
Sperm whale (Physeter microcephalus) 
Sperm whale (Physeter microcephalus) 


wweww wre Oa 


Host Location 
Wild, Antarctica 
Wild, Antarctica 
Wild, Antarctica 
Captive, PA, USA 
Captive, HI, USA 
Wild, AK, USA 
Captive, SC, USA 
Wild, CA, USA 
Captive, Mexico 


Wild, CA, USA 
Wild, CA, USA 


Wild, New Zealand 
Wild, New Zealand 
Wild, CA, USA 
Wild, CA, USA 
Wild, Australia 
Wild, Antarctica 
Wild, Australia 
Wild, AK, USA 
Wild, Chile 
Wild, AK USA 
Wild, Norway 
Captive, Canada 


Wild, Brazil 
Wild, Brazil 


Wild, Brazil 
Captive, wild, Japan 
Wild, Japan 
Captive, wild, Japan 
Captive, Japan 
Wild, Spain 
Wild, Quebec, Canada 
Wild, Quebec, Canada 
Wild, Black Sea 
Wild, Norway 
Wild, AK USA 
Wild, St Lawrence 
Wild, Norway 
Wild, Italy 
Wild, France 
Wild, Azores 


Tests Used to 
Detect 


HP, IHC 
ISO, PCR, SUB 
S 


HP, S,O 


HP, F,C, S, 
PCR, O 
S 
HP, PCR 
HP, IHC 
HP 
S 
S 
H, IHC, PCR 
S 
S 
S 
S 
HP, IHC, S, 
ISO, PCR 
HP, IHC 


HP, IHC 


S 
S, PCR 
H, IHC 
S (all seroneg.) 
S 
HP 
HP, IHC, S 
S 
S (all seroneg.) 
S (all seroneg.) 
HP 


Parasite- 
Associated 
Disease? 
No 
No 
No 
Yes 
Yes 
No 
Yes 
No? 
No 


Some 
No 


No 
Yes 
Yes? 
Yes 
No 
No 
Yes 
No 
No 
No 
No 
Yes 


Yes 
Yes 


No 
No 
No 
Yes 
No 
No 
Yes? 
Yes? 
No 
No 
No 
Yes 
No 
Yes 
No 
No (all neg.) 


Reference 
Silveira et al. 2016 
Jensen et al. 2012 
Jensen et al. 2012 

Ratcliffe and Worth 1951 
Migaki et al. 1977 
Dubey et al. 2003b 
Dubey et al. 2003b 
Conrad et al. 2005 
Alvarado-Esquivel et al. 
2012 
Carlson-Bremer et al. 
2015 
Girard et al. 2016 


Michael et al. 2016 
Roe et al. 2017 
Holshuh et al. 1985 
Dubey et al. 2003b 
Lynch et al. 2011 
Jensen et al. 2012 
Donahoe et al. 2014 
Goldstein et al. 2007 
Sepulveda et al. 2015 
Dubey et al. 2003b 
Prestrud et al. 2007 
Dubey et al. 2009 


Bandoli and Oliveira 
1977 
Gonzales-Viera et al. 
2013 
Santos et al. 2011 
Murata et al. 2004 
Omata et al. 2006 
Costa da Silva 2016 
Murata et al. 2004 
Cabezéon et al. 2004 
DeGuise et al. 1995 
Mikaelian et al. 2000 
Alekseev et al. 2009 
Jensen et al. 2010 
Bauer et al. 2016 
Lair et al. 2016 
Jensen et al. 2010 
Mazzariol et al. 2012 
Lagrée and Corre 2015 
Hermosilla et al. 2016 
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Table 20.1 (Continued) Toxoplasma gondii or T. gondii-Like Protozoan Parasite Exposure in Marine Mammals 


Host 

Pygmy sperm whale (Kogia breviceps) 
Beaked whale (Mesoplodon sp.) 
Bottlenose dolphin (7ursiops truncatus) 
Bottlenose dolphin (7ursiops truncatus) 
Bottlenose dolphin (7ursiops truncatus) 
Bottlenose dolphin (Tursiops truncatus) 
Bottlenose dolphin (Tursiops truncatus) 
Bottlenose dolphin (7ursiops truncatus) 


Bottlenose dolphin (7ursiops truncatus) 
Bottlenose dolphin (7ursiops truncatus) 
Bottlenose dolphin (7ursiops truncatus) 
Bottlenose dolphin (7ursiops truncatus) 
Bottlenose dolphin (7ursiops truncatus) 
Bottlenose dolphin (7ursiops truncatus) 
Bottlenose dolphin (7ursiops truncatus) 


Bottlenose dolphin (7ursiops truncatus) 
Bottlenose dolphin (7ursiops truncatus) 


Bottlenose dolphin (7ursiops truncatus) 
Bottlenose dolphin (7ursiops truncatus) 


Bottlenose dolphin (T7ursiops truncatus) 


Bottlenose dolphin (Tursiops truncatus) 
Bottlenose dolphin (Tursiops truncatus) 


Bottlenose dolphin (7ursiops truncatus) 

Bottlenose dolphin (T7ursiops truncatus) 
Indo-Pacific bottlenose dolphin (Tursiops 
aduncus) 

Indo-Pacific bottlenose dolphin (Tursiops 
aduncus) 

Indo-Pacific bottlenose dolphin (Tursiops 
aduncus) 

Indo-Pacific bottlenose dolphin (Tursiops 
aduncus) 

T truncatus hybrid (2) 

Risso’s dolphin (Grampus griseus) 
Risso’s dolphin (Grampus griseus) 
Risso’s dolphin (Grampus griseus) 
Humpbacked dolphin (Sousa chinensis) 
Humpbacked dolphin (Sousa chinensis) 

Common dolphin (Delphinus delphis) 

Common dolphin (Delphinus delphis) 

Common dolphin (Delphinus delphis) 

Common dolphin (Delphinus delphis) 


Host Location 
Wild, Philippines 
Wild, Philippines 

Wild, FL, USA 

Wild, FL, USA 

Wild Italy 
Wild Italy 
Wild, FL, USA 
Wild, captive, CA FL, 
USA 
Wild, Spain 

Captive, Japan 

Captive, Japan 
Wild, FL SC, USA 

Wild, SC, USA 

Wild, FL, USA 
Captive, Canada 


Wild, Black Sea 
Wild, SC, USA 


Wild, Italy 
Wild, North America 


Captive, Mexico 


Wild, Italy 
Wild, Spain 


Wild, Romania 
Wild, Brazil 
Wild, Australia 


Wild, Solomon Islands 
Wild, South Africa 
Wild, Philippines 


Captive, Japan 
Wild, Italy 
Wild, Spain 
Wild, Spain 
Wild, Australia 
Wild, South Africa 
Wild, Spain 
Wild, Atlantic Ocean 
Wild, Canary Islands 
Wild, France, Romania 


Tests Used to 
Detect 
S, PCR 
S, PCR 
HP, IHC 
HP, IHC, EM 
HP 
HP 


S 
cS) 
S (all seroneg.) 
S 
S, ISO, PCR 
Ss 
HP, IHC, S, 
ISO, PCR 
S 
HP, IHC 


HP, S, PCR 
S, ISO, PCR, 
SUB 
S) 


S) 
S) 


S, PCR 
H, IHC 
HP, IHC 


S) 
HP, IHC 
S, PCR 


S 
HP, S 
HP, IHC 
S 
HP, IHC, EM 
HP, IHC 


Parasite- 
Associated 
Disease? 
No 
No 
Yes? 
Yes 
Yes? 
Yes? 
Yes? 
No 


No 
No 
No 
No 


No 
Yes 


No 
Some 


Yes 
N/A 


No 


No 
No 


No 
No 
Yes 


No 
No 
No 


No 
Yes 
Yes 
No 
Yes? 
No 
No 
No 
No (all neg.) 
No 


Reference 
Obusan et al. 2015 
Obusan et al. 2015 
Inskeep et al. 1990 

Cruickshank et al. 1990 
Di Guardo et al. 1995a 
Di Guardo et al. 1995b 
Schulman et al. 1997 
Dubey et al. 2003b 


Cabezéon et al. 2004 
Murata et al. 2004 
Murata et al. 2004 
Dubey et al. 2005 
Dubey et al. 2008 

Schaefer et al. 2009 
Dubey et al. 2009 


Alekseev et al. 2009 
McFee and Lipscomb 
2009 
Pretti et al. 2010 
Dubey et al. 2011 


Alvarado-Esquivel et al. 
2012 
Di Guardo et al. 2013 
Bernal-Guadarrama et 
al. 2014 
Lagrée and Corre 2015 
Costa da Silva 2016 
Jardine and Dubey 2002 


Omata et al. 2005 
Lane et al. 2014 
Obusan et al. 2015 


Murata et al. 2004 
Di Guardo et al. 1995a 
Resendes et al. 2002a 

Cabezéon et al. 2004 
Bowater et al. 2003 
Lane et al. 2014 
Cabezéon et al. 2004 
Forman et al. 2009 
Sierra et al. 2014 
Lagrée and Corre 2015 
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Table 20.1 (Continued) Toxoplasma gondii or T. gondii—-Like Protozoan Parasite Exposure in Marine Mammals 


Host 


Striped dolphin (Stenella coeruleoalba) 
Striped dolphin (Stenella coeruleoalba) 
Striped dolphin (Stenella coeruleoalba) 
Striped dolphin (Stenella coeruleoalba) 
Striped dolphin (Stenella coeruleoalba) 
Striped dolphin (Stenella coeruleoalba) 
Striped dolphin (Stenella coeruleoalba) 


Striped dolphin 
Striped dolphin 
Striped dolphin 
Striped dolphin 
Striped dolphin 
Striped dolphin 


Stenella coeruleoalba) 

Stenella coeruleoalba) 

Stenella coeruleoalba) 

Stenella coeruleoalba) 

Stenella coeruleoalba) 

Stenella coeruleoalba) 

Striped dolphin (Stenella coeruleoalba) 

Striped dolphin (Stenella coeruleoalba) 

Spotted dolphin (S. frontalis) 

Spotted dolphin (S. frontalis) 

Spotted dolphin (S. attenuata) 

Spinner dolphin (S. /ongirostris) 

White-sided dolphin (Lagenorynchus 
obliquidens) 

Harbor porpoise (Phocoena phocoena) 
Harbor porpoise (Phocoena phocoena) 
Harbor porpoise (Phocoena phocoena) 


Harbor porpoise (Phocoena phocoena) 


Harbor porpoise (Phocoena phocoena) 
Harbor porpoise (Phocoena phocoena) 
Harbor porpoise (Phocoena phocoena) 


Harbor porpoise (Phocoena phocoena) 
Harbor porpoise (Phocoena phocoena) 


Hector’s dolphin (Cephalorhynchus hectori) 
Minke whale (Balaeneoptera acutorostrata) 
Humpback whale (Megaptera novaeangliae) 


Fin whale (Balaenoptera physalus) 
Fin whale (Balaenoptera physalus) 
Blue whale (Ba/laenoptera musculus) 
Sei whale (Ba/aenoptera borealis) 
Manatee (Trichechus manatus) 


Trichechus manatus) 
Trichechus manatus) 
Trichechus manatus) 
Trichechus manatus) 


Manatee 
Manatee 
Manatee 
Manatee 


Bo Go po 


Host Location 
Wild, Spain 
Wild, Italy 
Wild, Italy 
Wild, Spain 
Wild, Costa Rica 
Wild, Italy 
Wild, Italy 


Wild, Italy 
Wild, Spain 
Wild, Italy 
Wild, Spain 
Wild, Mediterranean 
Wild, Canary Islands 
Wild, France 
Wild, Italy 
Wild, Canary Islands 
Wild, Canary Islands 
Wild, Philippines 
Wild, Hawaii 
Captive, Japan 


Wild, Spain 
Wild, Atlantic Ocean 
Wild, Canada 


Wild, Greenland 


Wild, France, Romania 
Wild, WA, USA 
Wild, West Coast, USA 


Captive, Denmark 
Wild, North Sea 
Wild, New Zealand 
Wild, NE Atlantic 
Wild, Atlantic Ocean 
Wild, Mediterranean 
Wild, Azores 
Wild, Azores 
Wild, Azores 
Wild, FL, USA 


Wild, Guyana 
Wild, Puerto Rico 
Captive, Belize 
Captive, Mexico 


Tests Used to 
Detect 
HP 
HP, S 
HP, S 
Ss 
ISO, PCR, SUB 
HP, S, PCR 
HP, IHC, S, 
PCR 
PCR, SUB 
HP 


HP, PCR 
S, PCR 
HP 
HP 
HP, IHC 


HP, IHC 
No 


S 
HP, IHC, S, 
PCR 
S (false 
positives) 
S, PCR 
H, IHC, S, PCR 
HP, IHC, PCR, 
SUB, S 
H, IHC, PCR 
S, PCR 
HP, IHC, PCR 
S (all seroneg.) 
S 
H, IHC, PCR 
PCR 
PCR 
PCR 
HP 


HP 
HP, IHC, EM 
S 
S 


Parasite- 
Associated 
Disease? 
Yes? 
Yes? 
Yes? 

No 
No ? 
Yes 
Yes 


Yes 
Yes? 
No 
No 
No 
No (all neg.) 
No 
Yes? 
Yes 
No 
No 
Yes? 
No 


Yes 


No 
No 
No 
No 


all neg.) 
all neg.) 
all neg.) 
all neg.) 
Yes? 


Possibly 
Yes 
No 
No (all neg.) 


Reference 
Domingo et al. 1992 
Di Guardo et al. 1995a 
Di Guardo et al. 1995b 
Cabezéon et al. 2004 
Dubey et al. 2007 
Pretti et al. 2010 
Di Guardo et al. 2011 


Di Guardo et al. 2011 
Soto et al. 2011 
Di Guardo et al. 2013 
Rubio-Guerri et al. 2013 
Lauriano et al. 2014 
Sierra et al. 2014 
Lagrée and Corre 2015 
Grattarola et al. 2016 
Arbelo et al. 2013 
Sierra et al. 2016 
Obusan et al. 2015 
Migaki et al. 1990 
Murata et al. 2004 


Cabezon et al. 2004 
Forman et al. 2009 
Gibson et al. 2011 


Blanchet et al. 2014 


Lagrée and Corre 2015 
Huggins et al. 2015 
Barbosa et al. 2015 


Herder et al. 2015 
van de Velde et al. 2016 
Roe et al. 2013 
Oksanen et al. 1998 
Forman et al. 2009 
Mazzariol et al. 2012 
Hermosilla et al. 2016a 
Hermosilla et al. 2016a 
Hermosilla et al. 2016a 
Buergelt and Bonde 
1983 
Dubey et al. 2003b 
Bossart et. al. 2012 
Sulzner et al. 2012 
Alvarado-Esquivel et al. 
2012 
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Table 20.1 (Continued) Toxoplasma gondii or T. gondii—-Like Protozoan Parasite Exposure in Marine Mammals 


Host 

Manatee (Trichechus manatus) 

Manatee (Trichechus manatus) 
Amazonian manatee (Trichecus inunguis) 
Amazonian manatee (Trichecus inunguis) 
Sea otter (Enhydra lutris) 

Sea otter (Enhydra lutris) 


Sea otter (Enhydra lutris) 


Sea otter 
Sea otter 
Sea otter 
Sea otter 
Sea otter 
Sea otter 


Enhydra lutris 
Enhydra lutris 
Enhydra lutris 
Enhydra lutris 
Enhydra lutris 
Enhydra lutris 


Nn NT 
wa SS SS SS as 


Sea otter (Enhydra lutris) 
Sea otter (Enhydra lutris) 
Sea otter (Enhydra lutris) 
Sea otter (Enhydra lutris) 


Sea otter (Enhydra lutris) 
Sea otter (Enhydra lutris) 


Sea otter (Enhydra lutris) 
Sea otter (Enhydra lutris) 


Sea otter (Enhydra lutris) 
Sea otter (Enhydra lutris) 


Sea otter (Enhydra lutris) 
Sea otter (Enhydra lutris) 
Sea otter 
Sea otter 


Sea otter 
Sea otter 


Enhydra lutris 
Enhydra lutris 
Enhydra lutris 
Enhydra lutris 


we MS NS 


Sea otter (Enhydra lutris) 

Polar bear (Ursus maritimus) 
Polar bear (Ursus maritimus) 
Polar bear (Ursus maritimus) 
Polar bear (Ursus maritimus) 


Host Location 
Captive, Brazil 
Wild, FL, USA 
Wild, Brazil 
Wild, Peru 
Wild, CA USA 
Wild, WA, USA 


Wild, WA, USA 


Wild, CA WA AK, USA 


Wild, CA, USA 


Wild, CA WA AK, USA 
Wild, CA WA, USA 


Wild, CA, USA 
Wild, CA, USA 


Wild, CA, USA 


Wild, CA WA, USA 


Wild, CA WA, USA 


Wild, CA, USA 


Wild, CA, USA 
Wild, CA, USA 


Wild, CA USA 
Wild, WA, USA 


Wild, CA, USA 
Wild, CA, USA 


Wild, North America 


Wild, WA, USA 


Wild, CA, USA 
Wild, CA, USA 
Wild, CA, USA 
Wild, CA, USA 


Wild, CA, USA 
Wild, Canada 


Wild, AK, USA, Russia 


Captive, Europe 
Wild, Norway 


Tests Used to 
Detect 
Ss 
HP, S 
S 
S 
HP 
HP, S, ISO, 
PCR, SUB, O 
HP, IHC, PCR, 
O 
HP, IHC, S, ISO 
HP, IHC, O 
S,O 
S 
HP, IHC, O 
HP, IHC, S, 
PCR, 
HP, IHC, S, 
ISO, PCR, O 
HP, S, ISO, 
PCR, SUB, O 
HP, S, ISO, 
PCR, SUB 
HP, S, ISO, 
PCR, SUB, O 
PCR, SUB, O 
HP, S, ISO, 
PCR, SUB 
PCR, SUB 
HP, IHC, S, 
ISO, PCR 
S,O 
HP, IHC, S, 
PCR, O 
S, ISO, PCR, 
SUB 
HP, S, ISO, 
PCR, O 
S,O 
PCR, SUB, O 
PCR, SUB, O 
HP, S, ISO, 
PCR, SUB, O 
PCR, SUB, O 
Ss 


nnn 


Parasite- 
Associated 
Disease? 
No 
Yes 
No 
No 
Yes 
Some cases?” 


Yes2> 


N/A 

N/A 

No 

No 
Some cases 
Some cases 


Some cases 


Some cases 


Yes 


N/A 


N/A 
N/A 


N/A 
No 


N/A 
Yes 


N/A 


Yes 


N/A 
N/A 
N/A 
N/A 


No 
No 
No 
No 
No 


Reference 
Attademo et al. 2016 
Smith et al. 2016 
Mathews et al. 2012 
Delgado et al. 2013 
Thomas and Cole 1996 
Cole et al. 2000 


Lindsay et al. 2001b 


Miller et al. 2002b 
Miller et al. 2002a 
Hanni et al. 2003 
Dubey et al. 2003b 
Kreuder et al. 2003 
Miller et al. 2004 


Kreuder et al. 2005 

Conrad et al. 2005 

Thomas et al. 2007 
Miller 2008a 


Miller et al. 2008b 
Sundar et al. 2008 


Grigg and Sundar 2009 
Brancato et al. 2009 


Johnson et al. 2009 
Miller et al. 2010 


Dubey et al. 2011 
Shapiro et al. 2012a 


White et al. 2013 
Van Wormer et al. 2013a 
Van Wormer et al. 2013b 

Shapiro et al. 2015 


Van Wormer et al. 2016 
Philippa et al. 2004 
Rah et al. 2005 
Sedlak and Bartova 2006 
Oksanen et al. 2009 
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Table 20.1 (Continued) Toxoplasma gondii or T. gondii—-Like Protozoan Parasite Exposure in Marine Mammals 


Host Host Location 
Polar bear (Ursus maritimus) Wild, AK, USA 
Polar bear (Ursus maritimus) Wild, Norway 


Parasite- 
Tests Used to Associated 
Detect Disease? Reference 
S No Kirk et al. 2010 
Ss Jensen et al. 2010 


Note: HP (histopathology), IHC (immunohistochemistry), S (Serology), EM (electron microscopy), ISO (parasite isolation), PCR (poly- 
merase chain reaction, sequencing or other characterization techniques), SUB (genotyping), O (other, such as mouse bioassay, 
experimental infection of cats, opossums, or other marine mammals or evaluation of patterns using epidemiological techniques). 


a Experimental infection of seals, cats, or opossums. 


5 Significant concurrent disease noted, including morbillivirus infection, trauma, bacterial sepsis, infection with other protozoal parasites, 


or other pathology. 


Plate 20.1 


Systemic apicomplexan protozoa: Toxoplasma gondii. (a) In the brain, focally extensive nonsuppurative inflammation and gliosis with 


Toxoplasma gondii tissue cysts (arrow) arrayed around the lesion periphery (bar = 100 um). (b) Older Toxoplasma gondii—associated neuropil scar 
with minimal inflammation, focal neuropil cavitation, and peripheral tissue cyst (arrow; bar = 100 um). (c) Perivascular lymphocytic cuffing typical of 
Toxoplasma gondii brain infection (bar = 100 um). (d) Mature Toxoplasma gondii tissue cyst in brain tissue. The round, somewhat angular tissue cyst 
shape, and thin cyst wall encompassing thousands of slender, banana-shaped bradyzoites with eosinophilic cytoplasm is typical of 7. gondii (bar = 
50 um). (e) Immunohistochemistry. The mature tissue cyst is strongly immunoreactive to T. gondii antibodies (bar = 25 um). (All photographs: H&E- 
stained southern sea otter brain courtesy of Dr. Melissa Miller, California Department of Fish and Wildlife (CDFW) and UC Davis.) 


where few sea otters are exposed. Also important is the role 
of paratenic hosts (e.g., marine invertebrates and possibly 
planktivorous fish) as efficient vehicles for 7: gondii transmis- 
sion to marine species, as illustrated by numerous studies 
(Shapiro et al. 2015; Schott et al. 2016). 

Clinical disease has been reported from phocids, otari- 
ids, a captive walrus, odontocete cetaceans, sirenians, and 


sea otters (Table 20.1). In otariids and some phocids, 
clinical disease is often associated with concurrent infec- 
tion or immunosuppression (Gulland et al. 1997; Carlson- 
Bremer et al. 2015). In addition to damaging the host brain 
and spinal cord, 7: gondii can spread transplacentally, caus- 
ing reproductive failure in pinnipeds, odontocetes, and sea 
otters. 
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Neospora caninum 


Neospora include N. caninum, N. hughesi, and other 
Neospora spp., including Neospora-like marine mammal 
parasites (Table 20.2). N. caninum is closely related to 
T. gondii, and both parasites exhibit significant potential for 
vertical transmission. Although antigenically cross-reactive, 
T. gondii and N. caninum differ by host range, antigenicity, 
virulence factors, and pathogenesis (Donahoe et al. 2015). 
The definitive hosts for N. caninum are canids (dogs, coy- 
otes, wolves, and dingoes), and intermediate hosts include 
a broad range of species, including birds, dogs, and cattle 
(Dubey 1993; Dubey and Lindsay 1996; Donahoe et al. 
2015). Neosporosis (disease due to Neospora sp. infection) 
is a global cause of bovine reproductive failure and canine 
neuromuscular disease (Donahoe et al. 2015). Natural infec- 
tion occurs via horizontal (host-to-host) or vertical (transpla- 
cental) transmission; although transmammary transmission 
was demonstrated experimentally, it has not been reported 
from naturally exposed animals. Vertical transmission is a 
key route of N. caninum propagation, and infected cows and 
dogs can transmit the parasite through successive pregnan- 
cies. In contrast with 7’ gondii (see Chapter 4), N. caninum is 
not considered zoonotic despite serologic evidence of human 
exposure (Donahoe et al. 2015). Although N. caninum infec- 
tion appears to be relatively common in wildlife, there are 
surprisingly few reports of neosporosis. Incidental infection 
has been PCR-confirmed in otariids, odontocetes, and river 
otters, but not sea otters, phocids, mysticetes, polar bears, or 
sirenians (Table 20.2). No N. bughesi infections have been 
reported to date in marine mammals. 


Neospora caninum-Like 


Incidental Neospora spp. infection has been confirmed via 
PCR in two stranded harbor porpoise (Phocoena phocoena) 
from the northwestern United States (Huggins et al. 2015). 
Colegrove et al. (2011) recently reported marine mammals 
as putative definitive hosts of at least one or more Neospora- 
like protozoa that are distinct from N. caninum. Three novel 
enteric coccidians were identified in California sea lions 
(Zalophus californianus) in California; intestinal enterocytes 
contained schizonts, merozoites, and gametocytes, and par- 
asitism was accompanied by mild enteritis. ITS-1 PCR DNA 
sequences demonstrated 80% homology to Neospora sp. 
These novel strains were referred to as coccidians “A,” “B,” and 
“C.” A parasite that was genetically similar to coccidian C was 
associated with fatal lymphadenitis, hepatitis, myocarditis, 
and encephalitis in a neonatal harbor seal (Phoca vitulina), 
and transplacental infection was hypothesized. Molecular 
studies have confirmed that (1) oocysts morphologically simi- 
lar to, but genetically distinct from, T: gondii and N. cani- 
num ate frequently shed by clinically normal California sea 
lions; (2) fecal shedding of coccidian A and B oocysts was 
most common in yearlings, and was incidental to the cause 


of stranding; and (3) coccidian C and other novel tissue-cyst 
forming coccidia appear to be pathogens of harbor seals. 


Sarcocystis neurona and S. neurona-like 


The genus Sarcocystis is large and diverse, with numerous 
species and strains reported from marine mammals (Table 
20.3). Some well-characterized Sarcocystis spp. feature life 
cycles with herbivore intermediate hosts and terrestrial car- 
nivore or omnivore definitive hosts. For Sarcocystis spp. that 
infect marine mammals, the most commonly reported is 
S. neurona, a parasite that was first described as an etio- 
logical agent of equine protozoal myeloencephalitis (EPM; 
Dubey et al. 2001a). Sarcocystis neurona-like parasites 
were first confirmed as marine mammal pathogens in 1998 
(Lapointe et al. 1998). The life cycle is similar to 7: gondii, but 
new world opossums (Didelphis virginiana and D. albiven- 
tris) are the only known definitive hosts, and the infective 
stage (sporocyst) is immediately infective when defecated. 
Like 7: gondii-infected cats, clinically normal opossums can 
shed large numbers of S. meurona sporocysts; prolonged 
or repeated fecal shedding of S. neurona has been dem- 
onstrated in opossums, and is less common with T gondii 
in cats. Current reports suggest roles for marine mammals 
as intermediate hosts for S. neurona, and as paratenic or 
transport hosts (hosts that can harbor sporocysts and move 
the parasites from one area to another without becoming 
infected); a unique genetic polymorphism for S. neurona— 
like strains from sea lions (SnSAG3) may facilitate future 
environmental tracing (Girard et al. 2016). 

Following sporocyst ingestion by intermediate hosts, asex- 
ually produced merozoites (Plate 20.4) spread systemically, 
penetrate host cells, and proliferate to form schizonts (Plate 
20.2a-—c) and, later, tissue cysts (Plate 20.2d). Intermediate 
hosts include birds and terrestrial mammals, excluding 
humans. Molecularly confirmed marine mammal intermedi- 
ate hosts include river otters, sea otters, harbor seals, elephant 
seals, monk seals, cetaceans, fur seals, and California sea lions 
(see Table 20.2), with tissue cyst formation predominantly in 
heart and skeletal muscle (Plate 20.3 and 20.4), and pro- 
liferation of merozoites with schizont formation in the brain, 
lung, and other tissues. Tissue cyst formation has also been 
confirmed in sea otter brain tissue (Plate 20.2d), including 
wild sea otters with no prior antiprotozoal therapy. 

In contrast with the global distribution of 7) gondii, 
reports of S. neurona—associated marine mammal infection 
and disease are concentrated along the west coast of North 
America (Table 20.3), a region where nonnative Virginia 
opossums (D. virginiana) were inadvertently introduced by 
humans. Concurrent 7: gondii and S. neurona infection is 
common in sea otters and pinnipeds in this region, sug- 
gesting high environmental exposure to terrestrially derived 
protozoa, and/or elevated surveillance (Lindsay et al. 2001a; 
Miller et al. 2001a; Conrad et al. 2005; Barbosa et al. 2015). 
Similar to 7! gondii, S. neurona exposure appears to decrease 
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Table 20.2 Neospora caninum, N. caninum-Like, Neospora spp., and Unidentified Apicomplexan Protozoal Parasite Exposure 
in Marine Mammals 


Parasite- 
Test Used for Associated 
Host Species Host Location Detection Disease Reference 
Neospora caninum 

Harbor seal (Phoca vitulina) Wild, AK, USA s No Dubey et al. 2003b 
Kuril seal (P v. stejnergeri) Wild, Japan S No Fujii et al. 2007 
Ringed seal (Phoca hispida) Wild, AK, USA s No Dubey et al. 2003b 
Bearded seal (Erignathus barbatus) Wild, AK, USA Ss No Dubey et al. 2003b 
Bearded seal (Erignathus barbatus) Wild, Japan S No Fujii et al. 2007 
Ribbon seal (Histriophoca fasciata) Wild, Japan S No Fujii et al. 2007 
Spotted seal (Phoca largha) Wild, Japan S No Fujii et al. 2007 
California sea lion (Zalophus californianus) Both, North Ss No Dubey et al. 2003b 

America 
California sea lion (Zalophus californianus) Wild, CA, USA PCR No Colegrove et al. 2011 
Walrus (Odobenus rosmarus) Wild Ss No Dubey et al. 2003b 
Bottlenose dolphin (7ursiops truncatus) Both Ss No Dubey et al. 2003b 
Killer whale (Orcinus orca) Wild, Japan S, PCR No Omata et al. 2006 
Beluga (Delphinapterus leucus) Wild, AK, USA S (all seroneg.) No Bauer et al. 2016 
Sperm whale (Physeter microcephalus) Azores, Portugal No Hermosilla et al. 2016a 
Blue whale(Balaenoptera musculus) Azores, Portugal No Hermosilla et al. 2016a 
Fin whale (Balaenoptera physalus) Wild, Azores, PCR No Hermosilla et al. 2016a 

Portugal 
Sei whale (Balaenoptera borealis) Wild, Azores, PCR No Hermosilla et al. 2016a 

Portugal 
Sea otter (Enhydra lutris) Wild, CA and WA, Ss No Dubey et al. 2003b 

USA 

Sea otter (Enhydra lutris) Wild, CA, USA No Miller et al. 2010 
Polar bear (Ursus maritimus) Captive, Europe No Sedlak and Bartova 2006 


Neospora caninum-Like (Coccidians A, B, C, CSL Ano11, Neospora sp.) 


Harbor seal (Phoca vitulina) Wild, NW, USA, HP, IHC, S, Gibson et al. 2011 
Canada ISO, PCR 

Harbor seal (Phoca vitulina) Wild, CA, USA Colegrove et al. 2011 

California sea lion (Zalophus californianus) Wild, NW USA, HP, IHC, S, Gibson et al. 2011 
Canada ISO, PCR 

California sea lion (Zalophus californianus) Wild F,C, PCR Colegrove et al. 2011 

California sea lion (Zalophus californianus) Wild F,C, PCR Carlson-Bremer et al. 2012 

California sea lion (Zalophus californianus) Wild F,C, PCR Girard et al. 2016 

Guadalupe fur seal (Arctocephalus townsendi) Wild HP, PCR Yes Gibson et al. 2011 

Guadalupe fur seal (Arctocephalus townsendi) Wild HP, PCR Yes Girard et al. 2016 

Harbor porpoise (Phocena phocena) Wild HP, PCR Huggins et al. 2015 

Unidentified Systemic Apicomplexan Parasite 
Harbor seal (Phoca vitulina) Wild HP, IHC, PCR, Yes LaPointe et al. 2003 
EM 


Note: HP (histopathology), IHC (immunohistochemistry), S (Serology), EM (electron microscopy), ISO (parasite isolation), PCR (poly- 
merase chain reaction, sequencing or other characterization techniques), SUB (genotyping), O (other, such as mouse bioassay, 
experimental infection of cats, opossums or other marine mammals, or evaluation of patterns using epidemiological techniques). 

a Experimental infection of seals, cats, or opossums. 

> Significant concurrent disease noted, including morbillivirus infection, trauma, bacterial sepsis, infection with other protozoal parasites, 

or other pathology. 
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Table 20.3 Sarcocystis neurona, S. canis, S. canis—Like, S. pinnipediae, S. arctosi, and Sarcocystis spp. Apicomplexan Protozoan 
Parasite Exposure in Marine Mammals 


Parasite- 
Tests Used Associated 
Host Host Location for Detection Disease? Reference 
Sarcocystis neurona, S. neurona—Like 
Harbor seal (Phoca vitulina) Wild, CA, USA HP, IHC, S, Yes LaPointe et al. 1998 
EM 
Harbor seal (Phoca vitulina) Wild, CA, USA HP, IHC ,S, Yes Miller et al. 2001b 
ISO, PCR 
Harbor seal (Phoca vitulina) Wild, CA, USA HP, IHC Yes Colegrove et al. 2005 
Harbor seal (Phoca vitulina) Wild, CA, USA s No Zabka et al. 2006 
Harbor seal (Phoca vitulina) Captive, FL, USA S Yes Mylniczenko et al. 2008 
Harbor seal (Phoca vitulina) Wild, CA, USA Ss No Greig et al. 2014 
Harbor seal (Phoca vitulina) Wild, NW, USA and HP, IHC, S, Yes Barbosa et al. 2015 
Canada ISO, PCR 
Harbor seal (Phoca vitulina) Wild, USA and HP, IHC, S, Yes Dubey et al. 2015a 
Canada ISO, PCR, EM 
Elephant seal (Mirounga angustirostris) Wild, NW, USA and HP, IHC, S, Yes Barbosa et al. 2015 
Canada ISO, PCR 
Monk seal (Neomonachus schauinslandi) Wild, HI, USA HP, IHC, PCR Possible? Barbieri et al. 2016 
Monk seal (Neomonachus schauinslandi) Wild, HI, USA s No Littnan et al. 2006 
Sea lion (Zalophus californianus) Wild, CA, USA F,C, PCR Girard et al. 2016 
Sea lion (Zalophus californianus) Wild, NW, USA and HP, IHC, S, Some Gibson et al. 2011 
Canada ISO, PCR 
Sea lion (Zalophus californianus) Wild, CA, USA HP, IHC, S, Yes Carlson-Bremer et al. 2015 
PCR 
Sea lion (Zalophus californianus) Wild, NW, USA and HP, IHC, S, Yes Barbosa et al. 2015 
Canada ISO, PCR 
Sea lion (Zalophus californianus) Wild, USA and HP, IHC, S, Yes Dubey et al. 2015a 
Canada ISO, PCR, EM 
Sea lion (Zalophus californianus) Wild, CA, USA HP, F,C, S, No Girard et al. 2016 
PCR, O 
Steller sea lion (Eumetopias jubatus) Wild, NW, USA and HP, IHC, S, Yes Barbosa et al. 2015 
Canada ISO, PCR 
Northern fur seal (Callorhinus ursinus) Wild, NW, USA and HP, IHC, S, Yes Barbosa et al. 2015 
Canada ISO, PCR 
Guadalupe fur seal (Arctocephalus Wild, NW, USA and HP, IHC, S, Yes Gibson et al. 2011 
townsendi) Canada ISO, PCR 
Guadalupe fur seal (Arctocephalus Wild, NW, USA and HP, IHC, S, Yes Barbosa et al. 2015 
townsendi) Canada ISO, PCR 
Sea otter (Enhydra lutris) Wild, CA, USA HP, IHC Yes Thomas and Cole 1996 
Sea otter (Enhydra lutris) Wild, OR, USA HP, IHC Yes Rosonke et al. 1999 
Sea otter (Enhydra lutris) Wild, CA, USA HP, IHC, S, Yes Lindsay et al. 2000 
PCR, O 
Sea otter (Enhydra lutris) Wild, WA, USA HP, IHC, PCR Yes Lindsay et al, 2001b 
Sea otter (Enhydra lutris) Wild, CA, USA HP, ISO, PCR Yes? Rosenthal et al. 2001 
Sea otter (Enhydra lutris) Wild, CA, USA HP, IHC, S, Yes Miller et al. 2001a 
ISO, PCR 
Sea otter (Enhydra lutris) Wild, CA, WA, USA H, IHC, S, Yes2> Dubey et al. 2001b 
ISO, PCR, O 
Sea otter (Enhydra lutris) Wild cS) No Dubey et al. 2001a 
Sea otter (Enhydra lutris) Wild, CA, USA HP, IHC, S, O Yes Kreuder et al. 2003 


(Continued) 
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Table 20.3 (Continued) Sarcocystis neurona, S. canis, S. canis—Like, S. pinnipediae, S. arctosi, and Sarcocystis spp. Apicomplexan 


Protozoan Parasite Exposure in Marine Mammals 


Host 


Sea otter (Enhydra lutris) 
Sea otter (Enhydra lutris) 


Sea otter (Enhydra lutris) 


Sea otter (Enhydra lutris) 
Sea otter (Enhydra lutris) 


Sea otter (Enhydra lutris) 
Sea otter (Enhydra lutris) 


Sea otter (Enhydra lutris) 
Sea otter (Enhydra lutris) 
Sea otter (Enhydra lutris) 
Sea otter (Enhydra lutris) 
Sea otter (Enhydra lutris) 


Sea otter (Enhydra lutris) 
Sea otter (Enhydra lutris) 


Sea otter 
Sea otter 
Sea otter 
Sea otter 


Enhydra lutris 
Enhydra lutris 
Enhydra lutris 
Enhydra lutris 


anne 


) 
) 
) 
) 


Sea otter (Enhydra lutris) 
Sea otter (Enhydra lutris) 
Sea otter (Enhydra lutris) 
Killer whale (Orcinus orca) 


Harbor porpoise (Phocoena phocoena) 
Harbor porpoise (Phocoena phocoena) 


Harbor porpoise (Phocoena phocoena) 
Harbor porpoise (Phocoena phocoena) 
White-sided dolphin (Lagenorhynchus 


obliquidens) 
Pygmy sperm whale (Kogia breviceps) 


Host Location 
Wild, CA, USA 
Wild, CA, USA 


Wild, CA, WA, USA 


Wild, CA, WA, USA 
Wild, CA, USA 


Wild, CA, USA 
Wild, CA, USA 


Wild, WA, USA 
Wild, CA, USA 
Wild, CA, USA 
Wild, CA, USA 
Wild, CA, USA 


Wild, WA, USA 
Wild, NW, USA and 
Canada 
Wild, AK, USA 
Wild, CA, USA 
Wild, Canada, USA 
Wild, CA, USA 


Wild, CA, USA 


Wild, CA, OR, WA, 
USA 
Wild, CA, USA 


Wild, WA, USA 


Wild, CA, USA 
Wild, NW, USA and 
Canada 
Wild, NW, USA and 
Canada 
Wild, USA and 
Canada 
Wild, NW, USA and 
Canada 
Wild, NW, USA and 
Canada 


Tests Used 
for Detection 
HP, IHC, S 
HP, IHC, S, 
ISO, PCR, O 
HP, IHC, S, 
ISO, PCR 
HP, IHC, PCR 
HP, S, ISO, 
PCR, SUB, O 
S,O 
HP, IHC, S, 
ISO, PCR, EM 
HP, IHC, S, 
ISO, PCR 
HP, IHC, S, 
ISO, PCR 
ISO, PCR, 
SUB 
ISO, PCR, 
SUB 
ISO, PCR, 
SUB 
HP, IHC 
HP, IHC, S, 
ISO, PCR 
S 
HP, IHC, S 
S,O 
HP, IHC, ISO, 
S, PCR 
HP, IHC, S, 
ISO, PCR, EM 
HP, IHC, S, 
ISO, PCR 
HP, IHC, S, 
ISO, PCR 
HP, IHC, S, 
ISO, PCR 
HP, ISO, PCR 
HP, IHC, PCR 


HP, IHC, S, 
ISO, PCR 
HP, IHC, S, 
ISO, PCR, EM 
HP, IHC, S, 
ISO, PCR 
HP, IHC, S, 
ISO, PCR 


Parasite- 
Associated 
Disease? 


Yes 
Yes 


Yes 


N/A 
N/A 


Yes 


Unknown 


Yes 


Reference 


Jessup et al. 2004 
Kreuder et al. 2005 


Thomas et al. 2007 


Sundar et al. 2008b 
Miller et al. 2008a 


Johnson et al. 2009 
Miller et al. 2009 


Brancato et al. 2009 
Miller et al. 2010 
Rejmanek et al. 2010 
Wendt et al. 2010a 
Wendt et al. 2010b 


Dubey et al. 2011 
Gibson et al. 2011 


Goldstein et al. 2011 
Shapiro et al. 2012a 
White et al. 2013 
Shapiro et al. 2015 
Dubey et al. 2015a 
Barbosa et al. 2015 
Shapiro et al. 2016 


Gibson et al. 2011 


Rejmanek et al. 2010 
Huggins et al. 2015 


Barbosa et al. 2015 
Dubey et al. 2015a 
Barbosa et al. 2015 


Barbosa et al. 2015 


(Continued) 
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Table 20.3 (Continued) Sarcocystis neurona, S. canis, S. canis—Like, S. pinnipediae, S. arctosi, and Sarcocystis spp. Apicomplexan 
Protozoan Parasite Exposure in Marine Mammals 


Parasite- 
Tests Used Associated 
Host Host Location for Detection Disease? Reference 
Beluga (Delphinapterus leucus) Wild, AK, USA S (all No Bauer et al. 2016 
seronegative) 


Sarcocystis (syn. Frenkelia) canis and S. canis—Like (Excluding Bears) 


Harbor seal (Phoca vitulina) Captive, AK, USA HP Yes>¢ Van Pelt and Dietrich 1973 
Monk seal (Neomonachus schauinslandi) Captive, HI, USA HP, IHC, EM Yes? Yantis et al. 2003 
Monk seal (Neomonachus schauinslandi) Captive, HI, USA IHC, PCR Yes? Dubey et al. 2006 
Sea lion (Zalophus californianus) Captive, FL. USA HP, IHC, EM Yes Mense et al. 1992 
Sea lion (Zalophus californianus) Captive, FL, USA HP, EM Yes Dubey et al. 2003b 
Sea lion (Zalophus californianus) Captive, FL, USA IHC Yes Dubey et al. 2006 
Steller sea lion (Eumetopias jubatus) Wild, AK, USA HP, PCR Yes Welsh et al. 2014 
Striped dolphin (Stenella coeruleoalba) Wild, Spain HP, IHC, EM Yes? Resendes et al. 2002b 
Striped dolphin (Stenella coeruleoalba) IHC Yes? Dubey et al. 2006 
Sperm whale (Physeter macrocephalus) HP, PCR No Gibson et al. 2011 


Sarcocystis arctosi and/or S. canis—Like Infections of Bears (Closely Related or Same spp.?) 


Polar bear (Ursus maritimus) Wild, AK, USA HP, IHC, EM Yes Garner et al. 1997 
Polar bear (Ursus maritimus) Wild, AK, USA IHC, PCR Yes Dubey et al. 2006 
Polar bear (Ursus maritimus) Wild, AK, USA PCR Yes Dubey et al. 2015a 
Sarcocystis pinnipedi 
Gray seal (Halichoerus grypus) Wild, Canada HP, IHC, PCR Yes Haman et al. 2015 
Ringed seal (Phoca hispida) Wild, Canada HP, IHC, PCR No Haman et al. 2015 
Bearded seal (Erignathus barbatus) Wild, Canada HP, IHC, PCR No Haman et al. 2015 
Sarcocystis richardae 
Antarctic fur seal (Arctocephalus gazella) Antarctica HP No Baker and Dodge 1984 
Antarctic fur seal (Arctocephalus gazella) HP No McFarlane et al. 2009 
Sarcocystis balaenopteralis or Similar S. spp. 
Sei whale (Balaenoptera borealis) Wild, Japan HP, EM No Akao et al. 1970 
Blue whale (Balaenoptera musculus) Wild, CA, USA HP No Berman-Kowalewski et al. 
2010 
Fin whale (Balaenoptera physalus) Wild, Canary Islands HP No Sierra et al. 2016 
Sarcocystis spp. 
Harbor seal (Phoca vitulina) Wild, AK, USA HP No Hadwen 1922 
Bearded seal (Erignathus barbatus) Wild, AK, USA HP No Bishop 1979 
Ringed seal (Phoca hispida) Wild, AK, USA HP No Migaki and Albert 1980 
Caspian seal (Pusa caspica) Wild, Caspian Sea HP Unknown Kuiken et al. 2006 
Leopard seal (Hydrurga leptonyx) Wild, Antarctic HP No Seilacher et al. 2006 
Monk seal (Monachus schauinslandi) Wild, HI, USA HP No Barbieri et al. 2016 
Sea lion (Zalophus californianus) Captive, France HP No? Huet 1882 
Sea lion (Zalophus californianus) Captive, FL, USA HP No Mense et al. 1992 
Sea lion (Zalophus californianus) Captive, FL, USA HP, IHC Yes? Dubey et al. 2003b 
Northern fur seal (Callorhinus ursinus) Wild, AK, USA HP No Brown et al. 1974 
South American sea lion (Otaria byronia) Wild, Chile HP No Sepulvida et al. 2015 
Pilot whale (Globicephala melana) Wild, Newfoundland HP No Cowan 1966 
Sperm whale (Physeter catadon) Wild HP Unknown Owen and Kakulas 1968 
Sperm whale (Physeter catadon) Wild, Australia HP No Munday et al. 1978 


(Continued) 
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Table 20.3 (Continued) Sarcocystis neurona, S. canis, S. canis—Like, S. pinnipediae, S. arctosi, and Sarcocystis spp. Apicomplexan 


Protozoan Parasite Exposure in Marine Mammals 


Host 

Sperm whale (Physeter catadon) 
Pygmy sperm whale (Kogia breviceps) 
Killer whale (Orcinus orca) 

Beluga (Delphinapterus leucas) 


Beluga (Delphinapterus leucas) 

Hector’s beaked whale (Vesoplodon hectori) 

Sowerby’s beaked whale (Mesoplodon 
bidens) 

Harbor porpoise (Phocoena phocoena) 
Bottlenose dolphin (7ursiops aduncus) 
Bottlenose dolphin (7ursiops aduncus) 
Bottlenose dolphin (7ursiops aduncus) 

Striped dolphin (Stenella coeruleoalba) 

Striped dolphin (Stenella coeruleoalba) 

Spotted dolphin (Stenella frontalis) 

Spinner dolphin (Stenella longirostris) 

White-sided dolphin (Lagenorhyncus acutus) 


White-sided dolphin (Lagenorhyncus acutus) 
Common dolphin (Delphinus delphis) 
Risso’s dolphin (Grampus griseus) 

Sea otter (Enhydra lutris) 

Sea otter (Enhydra lutris) 


Parasite- 
Tests Used Associated 
Host Location for Detection Disease? Reference 
Wild, Canary Islands HP No Sierra et al. 2016 
Wild, Canary Islands HP No Sierra et al. 2016 
Wild, USA HP No Raverty et al. 2014 
Wild, Quebec, HP, EM No DeGuise et al. 1993 
Canada 
Wild, AK, USA HP HP Burek-Huntington et al. 2015 
Wild, Argentina HP No Cappozo et al. 2005 
Wild, Canary Islands HP No Sierra et al. 2016 
Wild, Greenland HP No Lehnert et al. 2014 
Wild, Red Sea FC No Kleinhertz et al. 2014 
Wild, South Africa HP No Lane et al. 2014 
Wild, Canary Islands HP No Sierra et al. 2016 
Wild, OR, USA HP No Dailey and Stroud 1978 
Wild, Canary Islands HP No Sierra et al. 2016 
Wild, Canary Islands HP No Sierra et al. 2016 
Wild, Canary Islands HP No Sierra et al. 2016 
Wild, Quebec, HP, EM No DeGuise et al. 1993 
Canada 
Wild, MA, USA HP, EM No Ewing et al. 2002 
Wild, Canary Islands HP No Sierra et al. 2016 
Wild, Canary Islands HP No Sierra et al. 2016 
Wild, CA, USA HP, EM, PCR No Dubey et al. 2003a 
Wild, CA, USA HP, PCR No Miller and Grigg, unpubl. data 


Note: HP (histopathology), IHC (immunohistochemistry), S (serology), EM (electron microscopy), ISO (parasite isolation), PCR (poly- 
merase chain reaction, sequencing, or other characterization techniques), SUB (genotyping), O (other, such as mouse bioassay, 
experimental infection of cats, opossums, or other marine mammals, or evaluation of patterns using epidemiological techniques). 

a Experimental infection of seals, cats, or opossums. 

> Significant concurrent disease noted, including morbillivirus infection, trauma, bacterial sepsis, infection with other protozoal parasites, 


or other pathology. 


¢ Parasite may have been misidentified as Toxoplasma gondii. 


as sampling efforts move northward, roughly approximating 
patterns of land-based coastal human development. 

Fatal S. neurona infections are common in Pacific harbor 
seals, sea otters, and cetaceans from California, Washington, 
Oregon, and southern British Colombia (Table 20.3). Infection 
or illness is less commonly reported in California sea lions, 
although S. neurona—associated myositis has been described 
(Carlson-Bremer et al. 2012). Along the North American Pacific 
Coast in the continental United States and British Columbia, 
Canada, S. neurona is more pervasive as a primary cause of 
sea otter mortality than 7 gondii. Although seropositive otters 
were detected in Alaska (Dubey et al. 2003b), no cases have 
yet been reported in sea otters from Alaska or Russia. 

Asymptomatic or resolved, chronic S. neurona infec- 
tions also occur in sea otters and California sea lions, but 
are underreported due to difficulty distinguishing S. neurona 


tissue cysts from related and possibly less pathogenic species 
on histopathology (Plate 20.4); PCR is required for defini- 
tive parasite identification, and mixed S. neurona and other 
Sarcocystis spp. infections appear to be common. 


Sarcocystis spp. Associated with 
Necrotizing Hepatitis (S. canis, S. canis- 
like/S. arctosi, and S. pinnipedi) 


Little is known about the life cycle of marine mammal 
Sarcocystis spp. other than S. neurona. Infection by some 
Sarcocystis spp. is associated with fatal necrotizing hepati- 
tis in phocids (S. canis and S. pinnipedi), otariids and odon- 
tocete cetaceans (S. canis), and black, brown, and polar bears 
(S. canis—like/S. arctosi, Table 20.3). Sarcocystis arctosi and 
S. canis—like hepatic infections of bears likely represent the same 
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Plate 20.2 Systemic apicomplexan protozoa: Sarcocystis neurona. (a) Very early Sarcocystis neurona schizonts (arrows) can resemble large, 
misshapen nuclei or tiny oval or circular forms (bar = 50 um). (b) Sarcocystis neurona schizonts (thick arrow) progressively enlarge and eventually 
rupture, releasing motile merozoites (thin arrows) that invade new cells. Note that S. neurona merozoites typically have more basophilic cytoplasm 
with H&E staining than 7. gondii bradyzoites (as seen in Plate 20.1; bar = 20 um). (c) A dense linear band of S. neurona schizonts, including radially 
arranged “rosette-form” schizonts demonstrating parasite division by endopolygeny (arrow), a helpful feature of Sarcocystis sp. schizogony in marine 
mammal hosts (bar = 25 um). (d) Sarcocystis neurona will occasionally form small, thick-walled tissue cysts in the brain. Compare with S. neurona 
sarcocysts in skeletal muscle (see Plates 20.3c and 20.3d) and b; bar = 30 um). (All photographs: H&E-stained southern sea otter brain courtesy of 


Dr. Melissa Miller.) 


parasite, or closely related species. Interestingly, S. pinnipedi 
infection is innocuous in ringed (Phoca hispida) and bearded 
(Erignathus barbatus) seals, but causes fatal hepatitis in gray 
seals (Halichoerus grypus; Haman et al. 2015; Plate 20.5a, 
20.5b). An S. pinnipedi—associated mortality event in gray seals 
was suggestive of introduction of a novel pathogen (endemic in 
ringed seals in the Arctic) into a susceptible gray seal popula- 
tion along the east coast of Canada (Haman et al. 2015). 


Other Sarcocystis spp. 


Reports of marine mammal infection by Sarcocystis spp. span 
> 130 years and encompass more than 30 mammal species, 
with published reports encompassing all groups of marine 
mammals except sirenians. Intramuscular sarcocysts were 
first described in 1882 from a captive sea lion in France (Huet 


1882); although the sarcocysts were grossly visible, they were 
considered innocuous. Incidental Sarcocystis sp. infection of 
a harvested sei whale (Balaenoptera borealis) was also noted 
by Akao (1970). For many Sarcocystis spp., little is known 
about their identity, host range, and definitive hosts; sarco- 
cysts are often noted incidentally in skeletal muscle or myo- 
cardium during microscopic examination. Given the broad 
range of Sarcocystis spp. infecting terrestrial animals, some 
marine infections likely represent accidental exposure to 
land-based parasites, but putative marine-adapted strains are 
also reported. 


Haemosporidia 


The haemosporidia are apicomplexans whose life cycles 
alternate between blood-feeding arthropods (e.g., mosquitos 
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Plate 20.3 Varying appearance of systemic apicomplexan protozoal tissue cysts in skeletal muscle. (a) Toxoplasma gondii tissue cyst, character- 
ized by an indistinct outer cyst wall, no internal septae, and bradyzoites with eosinophilic cytoplasm (bar = 20 um). (b) Immature Sarcocystis neurona 
tissue cysts have a thin cyst wall. The interior is filled with large merozoite progenitors with abundant pale cytoplasm (metrocytes; bar = 25 um). 

(c) Semi-mature putative S. neurona tissue cyst, characterized by a thick cyst wall with prominent outer villous protrusions encompassing numer- 

ous banana-shaped merozoites. The fine discontinuous peripheral rim of pale metrocytes and lack of visible internal septae are indications that 

the cyst is still developing (compare with mature sarcocysts in d and Plate 20.4b; bar = 20 um). (d) Mature sarcocyst (possible Sarcocystis sp. or 

S. neurona) with large, jagged, toothlike projections on the outer cyst wall, and fine septations that separate the merozoites within into distinct clusters 
(bar =40 um). (All photographs: H&E-stained sea otter skeletal muscle courtesy of Dr Melissa Miller.) 


or ticks) and vertebrates, including humans, other mammals, 
and birds. Globally important genera include Babesia and 
Plasmodium. Older case reports suggest a role for “bears” 
(unknown species) as hosts for Babesia spp. (Rogers and 
Rogers 1974). Although a unique piroplasm was identified in 
erythrocytes from 29% to 82% of wild river otters (Lontra 
canadensis) in North Carolina, USA, (Birkenheuer et al. 2007; 
Chinnadurai et al. 2010), no clinical disease was reported. 
Similarly, possible Plasmodium spp. infection of a fish otter 
(Lutra lutra) was reported by de Mello and Dias (1936), but 
confirmation is lacking, and no published reports currently 
exist for Babesia, Plasmodium, or other hemoparasite infec- 
tions in marine mammals. Given the worldwide distribution 
of these parasites, mobility of arthropod hosts, and transmis- 
sion of other vector-borne diseases (EEE, WNV) to marine 
mammals, exposure to these parasites is possible. 


Enteric Apicomplexa 


Enteric coccidia are a subset of apicomplexan protozoan para- 
sites with a predilection for the intestinal tract. These parasites 
are diverse, and infection is often host species or genus-specific, 
infecting mammals, birds, fish, reptiles, or amphibians. Life 
cycles are simple and direct, involving a single host for sexual 
and asexual parasite replication. Infection is acquired by con- 
suming fecally shed, sporulated oocysts in food or water. Key 
genera infecting marine mammals are Cystoisospora (formerly 
Isospora), Eimeria, and Cryptosporidium spp. (Table 20.4). 


Cystoisospora (Isospora) 


The genus Cystoisospora is synonymous with the former 
genus Isospora. Sporulated oocysts contain two sporocysts, 
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Plate 20.4 Varying appearance of intramuscular sarcocysts with cyst maturity and extent of degeneration over time. (a—d) Putative Sarcocystis 
neurona tissue cysts of progressively increasing cyst maturity and degeneration in skeletal muscle. On histopathology, mature S. neurona sarco- 
cysts have a thick cyst wall with prominent external villous protrusions and fine internal septae that separate the banana-shaped merozoites within 
into smaller groups. Less mature tissue cysts (seen in image a) have an outer rim of large cells with abundant pale cytoplasm (metrocytes) located 
just beneath the cyst wall. Degenerating tissue cysts often develop internal vacuoles and may also mineralize. Note that the cytoplasm of S. neurona 
merozoites is more basophilic on H&E stains than 7. gondii bradyzoites (see Plate 20.1d). Due to the wide variation in tissue cyst appearance on 
histology, PCR is required for definitive parasite identification. (a) bar = 25 um; (b) bar = 40 um; (c) bar = 40 um; and (d) bar = 20 um. (All photographs: 


H&E-stained sea otter skeletal muscle courtesy of Dr. Melissa Miller.) 


each with four sporozoites. Infection is acquired by ingesting 
oocysts in contaminated food or water. Some Cystoisospora 
spp. can form tissue cysts outside of the intestine, each con- 
taining a single organism. Known hosts include humans 
(C. belli), dogs (C. canis), and cats (C. felis), but rodents and 
other mammals may serve as intermediate, paratenic, or acci- 
dental hosts. Infection can cause watery diarrhea in humans, 
but for most marine mammals, clinical disease associated 
with fecal shedding of Cystoisospora sp. appears to be inci- 
dental and self-limiting (Table 20.4). In some cases, enteric 
coccidian parasite identification is not possible because of 
limited examination, segmental parasite distribution in the 
intestinal tract, sparse oocyst shedding, and/or lack of sporu- 
lated oocysts (Plate 20.9a). 


Eimeria spp. 


The genus Eimeria is the largest member of the apicom- 
plexa and includes economically important opportunistic 
pathogens of intensively managed poultry, cattle, rabbits, 
and goats. Infections are often host-specific. Each sporulated 
oocyst contains four sporocysts, and each sporocyst contains 
two sporozoites. Clinical disease is often most apparent in 
younger, immunologically naive animals and environments 
with high oocyst contamination, such as in rehabilitation or 
captivity. Symptoms can include bloody diarrhea, anorexia, 
emaciation, and dehydration. Eimeria or Eimeria-like para- 
sites have been described from phocids, otariids, sirenians, 
and ursids (Table 20.4; Plate 20.6). Six Eimeria spp. have 
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Plate 20.5 Protozoal hepatitis due to Sarcocystis pinnipedi. Both images show, liver from gray seals with fatal necrotizing hepatitis due to 
Sarcocystis pinnipedi infection. Parenchymal necrosis is most apparent in the upper portion of (a) (bar = 30 um). Hepatocytes contain intracellular 
schizonts in differing stages of development encompassing numerous merozoites (arrows), including (b) a fully mature, “rosette-form” schizont with 
merozoites aligned along the periphery (lower arrow [b]; bar = 15 um). (Above photographs: H&E-stain, courtesy of Dr. Pierre-Yves Daoust [Canadian 
Wildlife Health Cooperative, Atlantic Veterinary College, University of Prince Edward Island], and Dr. Stephen Raverty [Ministry of Agriculture and 


been described from marine mammals: E. phocae, E. wed- 
delli, and E. arctowskii are all opportunistic phocid patho- 
gens, while E. trichechi, E. manatus, and E. nodulosa are 
sirenian parasites (Table 20.4). 

While most infections appear to be incidental, E. phocae 
can be pathogenic for harbor seals, especially young or cap- 
tive animals (Hsu, Melby, and Altman 1974; Munro and Synge 
1991, McClelland 1993; van Bolhuis et al. 2007). Intestinal 
gametes and oocysts have been observed on histopathol- 
ogy (Plate 20.7a), confirming that harbor seals are definitive 
hosts (van Bolhuis et al. 2007). Experimental evidence sug- 
gests that oocyst sporulation occurs on land, not seawater, 
suggesting that transmission is most efficient in rookeries or 
haul-out sites (Raga et al. 2009). 


Cryptosporidium spp. 


Cryptosporidium spp. are ubiquitous protozoal parasites that 
can infect diverse terrestrial wildlife, birds, production ani- 
mals, and humans. Infection with this parasite tends to be 
limited to the gastrointestinal tract. With the advent of molecu- 
lar sequencing, the number of reported susceptible hosts is 


Lands, Animal Health Center, Abbotsford, BC].) 


expanding, and novel genotypes are increasingly being recog- 
nized (Rengifo-Herrera et al. 2013). At present, there are >30 
named Cryptosporidium spp., with little information available 
on population structure and genetic diversity. In marine mam- 
mals, infections have been reported from Cryptosporidium 
spp., C. parvum, and C. muris, with parasite detection con- 
tingent on parasite morphology, immunofluorescence, electron 
microscopy, and molecular studies. Molecular studies identified 
C. parvum exposure in a dugong (Dugong dugon) in Australia 
(Morgan et al. 2000) and short-beaked common dolphins 
(Delphinus delphis) in Galicia, Spain (Reboredo-Fernandez et 
al. 2014). Similarly, C. muris and a novel type 2 Cryptospordium 
spp. have been reported in pinnipeds from the Arctic and 
northeastern North America (Table 20.4). 


Flagellates 


A taxonomically diverse group of unicellular flagellated 
protozoan parasites have been reported from marine 
mammals, including Giardia, Trypanosoma, Leishmania, 
Trichomonas, Cryptobia, and Jarrelia spp. (Table 20.5). 
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Table 20.4 Enteric Coccidian Exposure in Marine Mammals (Cystoisospora, Eimeria, Cryptosporidium) 


Parasite- 
Tests Used for Associated 
Host Host Location Detection Disease? Reference 


Cystoisospora spp. (Formerly Classified as Isospora) 


Cystoisospora (Isospora) miroungae 


Elephant seal (Mirounga leonina) Wild, Antarctic F,C No Drézdz 1987 
Cystoisospora israeli—Like 

South African fur seal (Arctocephalus pusillus) Wild, Africa FC No Kuttin and Kaller 1992 

Bottlenose dolphin (Tursiops truncatus) Captive F,C Yes Drézdz 1987 


Cystoisospora delphini 
Bottlenose dolphin (7ursiops truncatus) Wild Yes Raga et al. 2009 


Cystoisospora (Isospora) bigemina 
South American sea lion (Otaria flavescens) Captive, Egypt Unknown Unknown Iksander 1986 


Cystoisospora spp. 


Bottlenose dolphin (Tursiops aduncus) Wild, Red Sea FC No Kleinertz et al. 2014 
Possible Cystoisospora or Eimeria spp., or Unidentified Enteric Coccidian 
Spinner dolphin (Stenella longirostris) Wild, HI, USA HO, IHC Yes Dubey et al. 2002 
Eimeria spp. 


Eimeria phocae 


Harbor seal (Phoca vitulina) Captive, ME and F, C, HP Yes Hsu et al. 1974 
MD, USA 

Harbor seal (Phoca vitulina) Unknown FC Unknown Howard et al. 1981 

Harbor seal (Phoca vitulina) Unknown FC Yes Munro and Synge 1991 

Harbor seal (Phoca vitulina) Sable Island, F,C Yes McClelland 1993 
Canada 

Harbor seal (Phoca vitulina) Captive, F, C, HP Yes van Bolhuis et al. 2007 

Netherlands 
Harbor seal (Phoca vitulina) Wild, MA, USA F,C No Bogomolini et al. 2008 
Harbor seal (Phoca vitulina) Captive F,C Yes Raga et al. 2009 
Eimeria weddelli, E. arctowskii, E. spp. 

Crabeater seal (Lobodon carcinophagus) Wild, Antarctica F,C No Drézdz 1987 

Weddell seal (Leptonychotes weddelli) Wild, Antarctica FC No Drdézdz 1987 

Caspian seal (Pusa caspica) Wild, Caspian Sea F, C, HP No Kuiken et al. 2006 

African fur seal (Arctocephalus pusillus) Unknown Unknown Unknown Hsu et al. 1974 


Eimeria trichechi 
Amazonian manatee (Trichechus inunguis) Wild, South F,C No Lainson et al. 1983 
America 


Eimeria manatus, E. nodulosa 


Florida manatee (Trichecus manatus) Wild, FL, USA FC No Upton et al. 1989 
Cryptosporidium spp. 
Ringed seal (Phoca hispida) Wild, Canada FC No Fayer et al. 2004 
Ringed seal (Phoca hispida) Wild, Canada F,C No Hughes-Hanks et al. 
2005 
Harbor seal (Phoca vitulina) Wild, ME, USA PCR No Bass et al. 2012 
Harbor seal (Phoca vitulina) Wild, CA, USA F,C, PCR No Grieg et al. 2014 


(Continued) 
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Table 20.4 (Continued) Enteric Coccidian Exposure in Marine Mammals (Cystoisospora, Eimeria, Cryptosporidium) 


Parasite- 
Tests Used for Associated 
Host Host Location Detection Disease? Reference 
Southern elephant seal (Mirounga leonina) Wild, South PCR, SUB No Rengifo-Herrera et al. 
Shetland Islands 2013 

Weddell seal (Leptonychotes weddellii) Wild, Antarctica PCR, SUB No Rengifo-Herrera et al. 

2013 
California sea lion (Zalophus californianus) Wild, CA, USA F, C, HP No Fayer et al. 2004 
South American sea lion (Otaria flavescens) Wild, Chile F,C No Hermosilla et al. 2016b 
Bottlenose dolphins (Tursiops aduncus) Wild, Red Sea F,C No Kleinhertz et al. 2014 
North Atlantic right whale (Eubalaena glacialis) Wild, AK, USA FC No Hughes-Hanks et al. 

2005 
Bowhead whale (Balaena mysticetus) Wild, AK, USA F, C, IFA No Hughes-Hanks et al. 

2005 
Harbor porpoise (Phocoena phocoena) Wild, MA, USA F,C, PCR No Bogomolni et al. 2008 
Guiana dolphin (Sotalia guianensis) Wild, Brazil FC No Borges 2016 
Dugong (Dugong dugong) Wild, Australia HP No Fayer et al. 2004 
Manatee (Trichechus inunguis) Wild, Brazil F,C No Borges et al. 2011 
Manatee (Trichechus inunguis) Wild, Brazil F,C No Borges 2016 
Manatee (Trichecus manatus) Wild, Brazil F,C No Borges et al. 2011 
Manatee (Trichecus manatus) Wild, Brazil F,C No Borges 2016 
Polar bear (Ursus maritimus) UNK FC No Siam et al. 1994 

Cryptosporidium parvum 
Dugong (Dugong dugon) Wild, Australia PCR, SUB No Morgan et al. 2000 
Common dolphin (Delphinus delphis) Wild, Spain F, C, PCR, SUB No Reboredo-Fernandez et 
al. 2014 
Cryptosporidium muris, C. spp. (Novel Type 2) 
Ringed seal (Phoca hispida) Wild, Arctic, PCR No Santin et al. 2005 
Canada 

Harbor seal (Phoca vitulina) Wild, MA, USA F,C, PCR No Bogomolni et al. 2008 
Gray seal (Halichoerus gryphus) Wild, MA, USA F,C, PCR No Bogomolni et al. 2008 
Hooded seal (Cystophora cristata) Wild, MA, USA PCR, SUB No Bass et al. 2012 
Harp seal (Pagophilus groenlandicus) Wild, MA, USA PCR, SUB No Bass et al. 2012 


Note: HP (histopathology), IHC (immunohistochemistry), S (Serology), EM (electron microscopy), ISO (parasite isolation), PCR (polymerase chain 
reaction, sequencing, or other characterization techniques), SUB (genotyping), F (fecal flotation), C (cytology), O (other, such as mouse 
bioassay, experimental infection of cats, opossums, or other marine mammals, or evaluation of patterns using epidemiological techniques). 


Morphological features vary but may include 21 flagella, an 
undulating membrane, and an intracellular kinetoplast. The 
presence, number, size, location, and orientation of these 
structures can facilitate identification, especially when 
combined with molecular analyses. Some motile stages are 
readily visualized on fresh wet mounts, and Wright-Giemsa 
stains or immunohistochemistry can facilitate detection in 
tissues and secretions. Many species are commensals or 
opportunistic pathogens, and asymptomatic infections are 
likely under-recognized. Postulated routes for infection of 
marine mammals, fish, and birds include ingestion, leeches, 
and arthropods. Globally, the most prevalent and medically 
important groups include Trypanosoma, Leishmania, and 
Giardia spp. 


Trypanosomes (Trypanosoma 
and Leishmania spp.) 


Trypanosomes are unicellular parasitic protozoa belonging to 
the genera Trypanosoma and Leishmania (Table 20.5). Shared 
attributes include an undulating membrane, a flagellum, and a 
kinetoplast. Similar to the haemosporidia, life cycle completion 
for some trypanosomes requires both blood-feeding arthropods 
and mammals; medically important examples include sleeping 
sickness (rypanosoma brucei) and Chagas disease (Z' cruzi). 
In arthropods, trypanosomes infect the digestive tract, while in 
mammals they can spread through the bloodstream and cause 
systemic infection. Other than a case report in a display polar 
bear in Mexico Jaime-Andrade et al. 1997), there are no docu- 
mented reports of infection in other marine mammal species. 
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Plate 20.6 Enteric protozoa: unidentified intestinal coccidian. Unidentified intestinal coccidian from the duodenum of an elephant seal in both 
images. There are numerous mixed inflammatory cells within the lamina propria associated with infection. Arrows denote numerous oocysts (a) and 
microgametes and schizonts (b) within enterocytes. (a) Bar = 130 um; (b) bar = 25 um. (Above photographs: H&E-stain, courtesy of Dr. Kathleen 

M. Colegrove, Zoological Pathology Program, University of Illinois at Urbana-Champaign.) 


Plate 20.7 Enteric protozoa: Eimeria phocae and unidentified trichomonad. (a) Eimeria phoca in harbor seal intestine, with multiple stages of the 
protozoa, including macrogametes, microgametes, and oocysts (arrows) within apical enterocytes. Note the lack of significant inflammation associ- 
ated with the protozoa (bar = 60 um). (b) Microscopic view of pylorus from a California sea lion, demonstrating infection of the lumen of gastric glands 
by uncharacterized trichomonad parasites. These protozoa were thought to be nonpathogenic opportunists that may have been feeding on prolifer- 
ating bacteria (bar = 25 um). (Above photographs: H&E-stain, courtesy of Dr. Kathleen M. Colegrove, Zoological Pathology Program, University of 
Illinois at Urbana-Champaign.) 
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Table 20.5 Flagellates, Ciliates, and Amoebae Infecting Marine Mammals 


Host 


Ringed seal (Phoca hispida) 
Ringed seal (Phoca hispida) 
Harp seal (Phoca groenlandica) 


Harp seal (Phoca groenlandica) 
Gray seal (Halichoerus grypus) 


Gray seal (Halichoerus grypus) 
Gray seal (Halichoerus grypus) 
Harbor seal (Phoca vitulina) 


Harbor seal (Phoca vitulina) 

Harbor seal (Phoca vitulina) 

Harbor seal (Phoca vitulina) 

Harbor seal (Phoca vitulina) 

Bearded seal (Erignathus barbatus) 

California sea lion (Zalophus 
californianus) 

South American sea lion (Otaria 
flavescens) 

Bottlenose dolphin (Tursiops aduncus) 

Harbor porpoise (Phocoena 
phocoena) 

Common dolphin (Delphinus delphis) 

Common dolphin (Delphinus delphis) 


Bottlenose dolphin (7ursiops truncatus) 
Pygmy sperm whale (Kogia breviceps) 
Dwarf sperm whale (Kogia sima) 
Guiana dolphin (Sotalia guianensis) 
Fin whale (Balaenoptera physalus) 
Sei whale (Ba/aenoptera borealis) 
North Atlantic right whale (Eubalaena 
glacialis) 
Bowhead whale (Balaena mysticetus) 
Manatee (Trichechus inunguis) 
Manatee (Trichecus manatus) 


Polar bear (Ursus maritimus) 


Monk seal (Vonachus monachus) 


Tests Used for 


Parasite- 
Associated 
Disease? 


No 
No 
No 


No 


No 


No 
No 
No 


No 
No 
No 
No 
No 
No 


No 


No 
No 


No 
No 


No 
No 
No 
No 
No 
No 
No 


No 
No 
No 


Yes 


Yes? 


Reference 


Olson et al. 1997 
Hughes-Hanks et al. 2005 
Measures and Olson 1999 


Fayer et al. 2004 
Measures and Olson 1999 


Bogomolni et al. 2008 
Lasek-Nesselquist et al. 2010 
Measures and Olson 1999 


Bogomolni et al. 2008 
Lasek-Nesselquist et al. 2010 
Hueffer et al. 2011 
Greig et al. 2014 
Bishop 1979 
Fayer et al. 2004 


Hermosilla et al. 2016b 


Kleinertz et al. 2014 
Bogomolni et al. 2008 


Bogomolni et al. 2008 


Reboredo-Fernandeza et al. 
2014 


Bogomolni et al. 2008 
Borges 2016 
Borges 2016 
Borges 2016 

Hermosilla et al. 2015 

Hermosilla et al. 2015 

Hughes-Hanks et al. 2005 


Hughes-Hanks et al. 2005 
Borges 2016 
Borges 2016 


Jaime-Andrade et al. 1997 


Toplu et al. 2007 


Jarellia atramenti (Bodonidae) and Similar Trypanosomes from the Cetacean Upper Respiratory Tract 


Pygmy sperm whale (Kogia breviceps) 
Pygmy sperm whale (Kogia breviceps) 


Host Location Detection 
Giardia sp. 
Wild, NWT, Canada FC 
Wild, AK, USA F 
Wild, Gulf St Lawrence, FC 
Canada 
Wild, Gulf St Lawrence, FC 
Canada 
Wild, Gulf St Lawrence, FC 
Canada 
Wild, MA, USA F,C, PCR 
Wild, MA, USA F,C, PCR 
Wild, Gulf St Lawrence, FC 
Canada 
Wild, MA, USA F,C, PCR 
Wild, WA and MA, USA PCR, SUB 
Wild, AK, USA F,C 
Wild, CA, USA F,C, PCR 
Wild, AK, USA HP 
Wild, CA, USA F,C 
Wild, Chile F,C 
Wild, Red Sea, Egypt F,C, S,PCR 
Wild, MA, USA F,C, PCR 
Wild, MA, USA F,C, PCR 
Wild, Spain F, C, PCR, SUB 
Wild, MA, USA F,C, PCR 
Wild, Brazil FC 
Wild, Brazil FC 
Wild, Brazil F,C 
Wild, Azores, Portugal F,C,S 
Wild, Azores, Portugal F,C,S 
Wild, Bay of Fundy, F,C 
Canada 
Wild, AK, USA F,C 
Wild, Brazil FC 
Wild, Brazil F,C 
Trypanosoma cruzi 
Captive, Mexico HP, PCR 
Leishmania sp. 
Wild, Turkey HP, IHC 
Wild, USA Cc 
Wild, NJ, USA Cc 


No 
No 


Poynton et al. 2001 
Stamper et al. 2006 


(Continued) 
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Table 20.5 (Continued) Flagellates, Ciliates, and Amoebae Infecting Marine Mammals 


Parasite- 
Tests Used for Associated 
Host Host Location Detection Disease? Reference 
Cryptobia spp. 
Bottlenose dolphin (7ursiops truncatus) Captive, USA Cc No Sweeney et al. 1999 
Chilomastix or Hexamita spp. 
Bottlenose dolphin (Tursiops aduncus) Wild, Red Sea, Egypt F No Kleinhertz et al. 2014 
Bowhead whale (Balaena mysticetus) Wild, AK, USA F No Heckmann et al. 1987 
Uncharacterized Trichomonad 
Sea lion (Zalophus californianus) Wild, CA, USA HP No? Luff et al. 2007 
Ciliates 
Haematophagus megapterae 
Humpback whale (Wegaptera Wild, USA Cc No Woodcock and Lodge 1921 
novaeangliae) 
Fin whale (Balaenoptera physalus) Wild, USA No Evans et al. 1986 
Blue whale (Balaenoptera musculus) Wild, USA Cc No Evans et al. 1986 
Kyaroikeus cetarius, K. cetarius-Like and Uncharacterized Ciliates 
Bottlenose dolphin (7ursiops truncatus) Wild, FL, USA H Yes Woodard et al. 1969 
Bottlenose dolphin (7ursiops truncatus) Wild, USA H Yes Howard et al. 1983 
Bottlenose dolphin (Tursiops truncatus) Wild, USA C,H Yes Dailey 1985 
Bottlenose dolphin (7ursiops truncatus) Wild, Australia EM No Sedlak-Weinstein 1991 
Bottlenose dolphin (7ursiops truncatus) Both, FL, VA, USA C,H Yes Sniezek et al. 1995 
Bottlenose dolphin (7Tursiops truncatus) Wild, USA Cc Yes? Schulman and Lipscomb 1997 
Bottlenose dolphin (7ursiops truncatus) Captive, USA Cc Yes? Arkush et al. 1998 
Bottlenose dolphin (7ursiops truncatus) Wild, USA H Yes? Schulman and Lipscomb 1999 
Bottlenose dolphin (7ursiops truncatus) Wild, USA H Yes? Blanchard et al. 2001 
Bottlenose dolphin (7ursiops truncatus) Captive, Korea H Yes Choi et al. 2003 
Bottlenose dolphin (7ursiops truncatus) Wild, USA H Yes? McFee and Lipscomb 2009 
Bottlenose dolphin (7ursiops truncatus) Captive, FL, USA Cc No Stacey, pers. comm. (Plate 8) 
Indo-Pacific bottlenose dolphin Captive, FL, USA Cc No Ma et al. 2006 
(Tursiops aduncus) 
Indo-Pacific bottlenose dolphin Wild, Canary Islands HP Yes Arbelo et al. 2013 
(Tursiops aduncus) 
Indo-Pacific bottlenose dolphin Wild, Red Sea, Egypt Cc No Kleinhertz et al. 2014 
(Tursiops aduncus) 
Common dolphin (Delphinus delphis) Captive, USA Cc No Ma et al. 2006 
Common dolphin (Delphinus capensis) UNK H, EM Yes Van Bressem et al. 2008 
Spotted dolphin (Stenella attenuata) UNK H Yes Van Bressem et al. 2008 
Spotted dolphin (Stenella frontalis) Wild, USA Cc No Ma et al. 2006 
Spotted dolphin (Stenella frontalis) Wild, Canary Islands HP Yes Arbelo et al. 2013 
Striped dolphin (Stenella coeruleoalba) Wild, Canary Islands HP Yes Arbelo et al. 2013 
Dusky dolphin (Lagenorhynchus Wild, UNK H, EM Yes Van Bressem et al. 2008 
obscurus) 
Fraser's dolphin (Lagenodelphis hosei) Captive, USA Cc No Ma et al. 2006 
Rough-toothed dolphin (Steno Wild, Canary Islands HP Yes Arbelo et al. 2013 
bredanensis) 
Sperm whale (Physeter Wild, MS, USA H Yes? Peterson and Hoggard 1996 


macrocephalus) 


(Continued) 


Table 20.5 (Continued) Flagellates, Ciliates, and Amoebae Infecting Marine Mammals 
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Host 

Pygmy sperm whale (Kogia breviceps) 
Pygmy sperm whale (Kogia breviceps) 
Beluga (Delphinapterus leucas) 
Beluga (Delphinapterus leucas) 


Killer whale (Orcinus orca) 

False killer whale (Pseudorca 
crassidens) 

False killer whale (Pseudorca 
crassidens) 

Pygmy killer whale (Feresa attenuata) 


Host Location 
Wild, USA 
Wild, USA 
Captive, FL, USA 
Wild, Gulf St Lawrence, 
Canada 
Captive, FL, USA 
Captive, FL, USA 


Captive, FL, USA 


Captive, USA 


Planilamina ovata, P. magna and Similar Ciliates of the Cetacean Upper Respiratory Tract 


Bottlenose dolphin (7ursiops truncatus) 

Bottlenose dolphin (7ursiops truncatus) 
Pygmy sperm whale (Kogia breviceps) 

False killer whale (Pseudorca 
crassidens) 


South American sea lion (Otaria 
flavescens) 

Fin whale (Ba/aenoptera physalus) 

Fin whale (Ba/aenoptera physalus) 


Bowhead whale (Balaena mysticetus) 
Blue whale (Ba/aenoptera musculus) 
Blue whale (Ba/aenoptera musculus) 
Fin whale (Balaenoptera physalus) 
Fin whale (Balaenoptera physalus) 
Sei whale (Balaenoptera borealis) 
Sei whale (Ba/aenoptera borealis) 


Captive, CA, HI, USA 
Captive, USA 
Captive, USA 
Captive, USA 


Balantidium spp. 


Wild, Azores, Portugal 
Wild, Azores, Portugal 


Amoebae 


Entamoeba spp. 


Wild, AK, USA 
Wild, Azores, Portugal 
Wild, Azores, Portugal 
Wild, Azores, Portugal 
Wild, Azores, Portugal 
Wild, Azores, Portugal 
Wild, Azores, Portugal 


Arcella spp. 


Manatee (Trichechus manatus) Captive, FL, USA 


Parasite- 
Tests Used for Associated 
Detection Disease? Reference 

H Yes Schulman and Lipscomb 1999 

Cc No Poynton et al. 2001 

Cc No Sniezek et al. 1995 

H Yes Lair et al. 2016 

Cc No Sniezek et al. 1995 

C No Sniezek et al. 1995 

C No Ma et al. 2006 

C No Ma et al. 2006 

Cc No Dailey 1985 

C No Ma et al. 2006 

C No Poynton et al. 2001 

Cc Ma et al. 2006 
F,C No Hermosilla et al. 2016b 
F,C No Hermosilla et al. 2015 
F,C No Hermosilla et al. 2016a 
F,C No Heckman et al. 1987 
F,C No Hermosilla et al. 2015 
F,C No Hermosilla et al. 2016a 
F,C No Hermosilla et al. 2015 
F,C No Hermosilla et al. 2016a 
F,C No Hermosilla et al. 2015 
F,C No Hermosilla et al. 2016a 

Cc No Bledsoe et al. 2006 


Note: HP (histopathology), IHC (immunohistochemistry), S (serology), EM (electron microscopy), ISO (parasite isolation), PCR (poly- 
merase chain reaction, sequencing, or other characterization techniques), SUB (genotyping), C (cytology), F (fecal flotation), O 
(other, such as mouse bioassay, experimental infection of cats, opossums, or other marine mammals, or evaluation of patterns 


using epidemiological techniques). 
a Experimental infection of seals, cats, or opossums. 


> Significant concurrent disease noted, including morbillivirus infection, trauma, bacterial sepsis, infection with other protozoal parasites, 


or other pathology. 


Another medically important group of trypanosomes 
are Leishmania spp. that spread via sand flies (Phlebotomus 
and Lutzomyia spp.) and cause disease in humans, dogs, and 
other animals. Examples include L. donovani, L. tropica, and 
L. infantum. Cutaneous, mucocutaneous, and systemic visceral 
disease syndromes are recognized, with lesion presentation 


determined by the infecting species and strain. A stranded 
Mediterranean monk seal (Monachus monachus) from Turkey 
with paresis and dyspnea was infected with Leishmania sp. 
and parapoxvirus (Toplu, Aydogan, and Oguzoglu 2007). 
Visceral leishmaniasis was confirmed on_ histopathology, 
immunohistochemistry, and PCR, with amastigotes observed 
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in lymph node and splenic macrophages. Older reports also 
suggest a possible role for “bears” (unknown species) as hosts 
for Leishmania (Rogers and Rogers 1974). 


Jarellia atramenti, Jarellia- 
like, and Cryptobia spp. 


Asymptomatic infection by the flagellate Jarellia atramenti 
(or a similar parasite) was identified in blowhole secretions 
of a hospitalized juvenile pygmy sperm whale (Kogia brevi- 
ceps; Poynton, Whitaker, and Heinrich 200D and a bottlenose 
dolphin (Plate 20.8). Asymptomatic upper respiratory infec- 
tion of cetaceans (e.g., bottlenose dolphins) by the flagellate 
Cryptobia spp. may reflect host colonization via consumption 
of infected fish (Sweeney et al. 1999; Table 20.5). 


Giardia spp. 


In contrast to the hemoflagellates, Giardia spp. have a broad 
host range with a propensity for the gastrointestinal tract. These 
parasites are distributed worldwide and are among the most 
commonly reported waterborne human pathogens, particu- 
larly in areas with poor sanitation. Initial taxonomy identified 
G. duodenalis as the sole species; however, with the advent 


of targeted gene sequencing and detailed study of intraspe- 
cific genetic variation, several assemblages (A—G), species, and 
subspecies have been defined (Lasek-Nesselquist, Welch, and 
Sogin 2010). These parasites have a direct life cycle; following 
ingestion of environmentally resistant infective stages, clonal 
expansion of the parasite occurs by asexual reproduction, with 
no sexual stage or transfer of genetic material currently recog- 
nized between progeny (Tibayrence and Ayala 2014). 

Marine mammal infections with Giardia spp. have been 
reported in a variety of phocids, otariids, odondocetes, mystice- 
tes, and manatees (Table 20.5) in areas associated with heavy 
urban development, agriculture, and industrialization, as well 
as more pristine regions of remote Alaska and Arctic Canada. 
Application of molecular markers may provide valuable insights 
into the epidemiology, sources of contamination, and potential 
pathology of these protozoa in marine mammals. 


Chilomastix or Hexamita spp. 


At least three flagellates similar to Chilomastix or Hexamita 
spp. were identified in colon content of a bowhead whale 
(Balaena mysticetus) harvested off Barrow, Alaska (Table 
20.5). A Hexamita-like protozoan was also identified in feces 
of Indo-Pacific bottlenose dolphins (Tursiops aduncus) from 
the Red Sea. 


Plate 20.8 Cetacean respiratory protozoa: flagellates and ciliates. (a, b) Blowhole swab cytology from a bottlenose dolphin showing flagellates, pos- 
sibly of the family Bodonidae, that are considered an incidental finding in cetaceans. The arrow in (a) points to a flagellum, and the arrow in (b) points 
to the undulating membrane. These characteristics help identify protozoa as flagellates (x100 objective; bar approx. 5 um). (c, d) Blowhole swab cytol- 
ogy from a bottlenose dolphin showing ciliates of the family Kyaroikeidae. These ciliates are considered an incidental finding in blowhole samples from 
cetaceans, and can vary in number by individual. The arrow in (c) points to dense cilia lining the surface, and the arrow in (d) points to the macronu- 
cleus: these characteristics help identify protozoa as ciliates (c) and (d) (bar = approx. 40 um). (Photographs: Wright-Giemsa stain, cytology, courtesy of 


Dr. Nicole Stacy, University of Florida College of Veterinary Medicine.) 


450 Protozoan Parasites of Marine Mammals 


Trichomonads 


Uncharacterized trichomonad flagellates were reported from 
the pylorus, fundus, and proximal duodenum of 20 California 
sea lions necropsied in central California from 1993 to 2007 
(Plate 20.7b, Luff et al. 2007). In mild cases, trichomonads 
were present along the epithelial surface and within mildly 
dilated crypts and glands. In more severe cases, individual 
epithelial cell necrosis was accompanied by moderate gland 
or crypt ectasia and multifocal crypt abscessation. These patr- 
asites were often observed in areas of bacterial overgrowth 
and may be a form of dysbiosis (Colegrove, pers. comm.). 


Ciliates 


Ciliates are genetically and morphologically diverse single- 
celled protozoa characterized by the presence of numerous 
external cilia, a small internal micronucleus, and a larger mac- 
ronucleus. Cilia are structurally similar to eukaryotic flagella, 
but are generally shorter, are more numerous, and often move 
in synchrony. Parasitic ciliates are common in freshwater and 
marine habitats, and prevalence on or in marine mammals is 
likely under-recognized. 


Haematophagus megapterae 


The blood-feeding ciliated ectoparasite Haematophagus 
megapterae attaches to the baleen plates of mysticete ceta- 
ceans, including humpback CWVlegaptera novaeangliae), fin, 
and blue whales (Balaenoptera musculus; Table 20.5). 
Although infection is common, pathogenicity is considered 
to be low. 


Kyaroikeus cetarius, K. cetarius— 
like, Planilamina ovata, P. magna, 
and Unidentified Ciliates 


Microscopic examination of mucus from the blowhole of 
odontocetes can reveal parasitism of the upper respiratory 
tract by several novel ciliates, including Kyaroikeus cetarius, 
Planilamina ovate, and P. magna (Table 20.5). All three are 
thought to have a direct life cycle, requiring physical contact 
for transmission. Mucosal colonization and invasion have been 
reported in bottlenose dolphins, killer whales (Orcinus orca), 
and false killer whales (Pseudorca crassidens, Table 20.5). 
Although pathogenicity appears to be low, heavy K. cetarius 
infection may indicate significant bacterial or Nasitrema spp. 
(a trematode parasite of the odontocete upper respiratory tract) 
infection of the upper respiratory tract (Sweeney et al. 1999). 
Undescribed ciliates have also been reported from the 
blowhole of cetaceans (Woodard et al. 1969) and cetacean 
feces (Kleinertz et al. 2014; Hermosilla et al. 2016a; Table 
20.5; Plate 20.8). In one study, >50% of wild Atlantic bot- 
tlenose dolphins had upper respiratory ciliate infestations 
(Woodard et al. 1969). Screening of feces from 17 large, wild 


mysticete and odontocete whales from the Azores Islands, 
Portugal, revealed 6% prevalence of Balantidium spp. from 
fin whales (Hermosilla et al. 2016a). At least two distinct forms 
of uncharacterized ciliates were identified in feces from Indo- 
Pacific bottlenose dolphins (Kleinertz et al. 2014). Ciliates may 
also be epiphytic on cyamids (amphipod crustacean parasites 
of the cetacean integument; Sedlak-Weinstein 1991). 

Ciliates, including those resembling K. cefarius, can also 
be opportunistic cetacean pathogens (Table 20.5), especially 
in animals with other health conditions. Focally extensive der- 
matitis, cellulitis, lymphadenitis, and pneumonia (with unchar- 
acterized intralesional ciliated protozoa) were noted in 19% of 
95 Atlantic bottlenose dolphins examined during a morbilli- 
viral epizootic in 1987-1988 (Schulman and Lipscomb 1999). 
Examination of archival tissues revealed 3% prevalence in 414 
random-source Atlantic bottlenose dolphins (Schulman and 
Lipscomb 1999). Unidentified ciliated protozoa and mixed 
bacteria were also reported from crater-like skin lesions on 
a stranded sperm whale (Physeter microcephalus) from 
Mississippi, USA (Peterson and Hoggard 1996). Dermatitis asso- 
ciated with invasive ciliates has also been reported in a number 
of other marine mammal species (Schulman et al. 1997; Choi 
et al. 2003; Van Bressem et al. 2008). In some cases, ciliates in 
skin lesions were morphologically identical to K. cetarius from 
the blowhole of captive and free-ranging cetaceans, and were 
considered opportunistic invaders taking advantage of skin 
trauma (Choi et al. 2003; Van Bressem et al. 2008). Protozoans 
were also observed ultrastructurally in skin lesions from a 
long-beaked common dolphin (. capensis) and a dusky dol- 
phin agenorhbynchus obscurus; Van Bressem et al. 2008). 

Suppurative pneumonia with intralesional-uncharacterized 
ciliates was reported from 1 of 24 necropsied wild Atlantic 
bottlenose dolphins (Zursiops truncatus, Woodard et al. 1969). 
Pneumonia with pulmonary invasion by an unidentified ciliate 
was also diagnosed in 2% of 222 beluga whales (Delphinapterus 
leucas) stranding in the Saint Lawrence Estuary from 1983 to 
2012 (Lair, Measures, and Martineau 2016). Ciliated protozo- 
ans were also reported from the respiratory tract, skin, and 
lymph nodes of an Atlantic bottlenose dolphin in California, 
USA, and were implicated in mortality (Arkush, Van Bonn, and 
Poynton 1998). 


Amoebae 


Amoebiasis (or entamoebiasis) is infection caused by parasitic 
amoebas of the genus Entamoeba. Species of global medical 
importance include E. histolytica and Dientamoeba fragilis. A 
few others, including Naegleria fowleri, Acanthamoeba spp., 
and Balamuthia mandrillaris, are free-living amoebas that are 
occasional opportunistic pathogens. Most infections are enteric 
and incidental, but rarely these parasites invade through intes- 
tinal or nasal epithelium and become systemic pathogens in 
humans and other primates. Neurologic and ocular infections 
have also been reported. Asymptomatic enteric infections are 
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relatively common, and enteric amoebas are often commen- 
sals, consuming bacteria and food particles. These parasites 
rarely contact with surface epithelium due to a protective sur- 
face layer of mucus; disease can occur when amoebae contact 
epithelium, cause surface damage, and invade. 

Screening of feces from wild mysticetes and odontoce- 
tes from the Azores Islands, Portugal, revealed 65% preva- 
lence of Entamoeba spp. (Hermosilla et al. 2016a; Table 
20.5). Novel Entamoeba spp. were identified from colon 
content of a bowhead whale harvested off Barrow, Alaska 
(Heckmann et al. 1987). 

Arcella spp. amoebae and rotifers may proliferate as part of 
epiphytic flora on captive Florida manatees (Trichechus mana- 
tus latirostris) maintained in freshwater systems (Bledsoe et al. 
2006). This condition is less apparent for wild manatees that 
regularly move between freshwater and marine ecosystems, 
presumably because changes in salinity facilitate epiphyte 
destruction and removal. There are no reports of amoeba- 
associated clinical disease or death in marine mammals. 


Diagnosis 


Clinical Signs 


Systemic protozoal infection should be considered for any 
marine mammal that strands alive with CNS, musculoskel- 
etal, cardiac, respiratory, hepatic, and/or female reproductive 
abnormalities. Confirmation of exposure or infection in live 
animals is based on demonstration of elevated or rising anti- 
body titers, or clinical response to long-term antiprotozoal 
therapy. Muscle biopsy, brain MRI, and PCR from blood or 
cerebrospinal fluid may be attempted for certain individuals, 
especially captive animals. For many wild marine mammals 
with systemic protozoal disease, clinical data are not avail- 
able because the animals were found dead or died soon after 
stranding. Confirming infection is not the same as diagnosing 
clinical disease; incidental or mild 7! gondii and Sarcocystis 
spp. infections have been identified in diverse marine mam- 
mals (Tables 20.1 and 20.3). 

Along the Pacific coast of North America, live-stranded 
marine mammals with systemic protozoal disease are com- 
mon (Tables 20.1 through 20.5). Differentiating disease due 
to T. gondii, S. neurona, or other systemic protozoa is not fea- 
sible from clinical signs, as several parasites can cause severe 
disease and polyparasitism is common (Lindsay et al. 2001b; 
Miller et al. 2001b; Conrad et al. 2005; Gibson et al. 2011). 
Depending on the parasite species and genotype, infectious 
dose, route of exposure, host age, and other health conditions, 
clinical signs can range from none to death; anorexia, depres- 
sion, fever, and icterus may be apparent. CNS abnormalities 
are common, including loss of fear, static or progressive CNS 
disease, seizures, tremors, paresis, paralysis, obtundation, sud- 
den and episodic cessation of normal activity (e.g., while eating 
or grooming), aggression, unusual or repetitive, stereotypical 


behavior, ambulatory and proprioceptive deficits, ataxia, loss 
of bladder tone, and coma (Lapointe et al. 1998; Rosonke et 
al. 1999; Lindsay, Thomas, and Dubey 2000; Miller et al. 2010; 
Gibson et al. 2011). Clinical signs are generally referable to the 
host species, anatomic location, parasite burden, and extent of 
inflammatory response. Fetal malformation and reproductive 
loss have been observed in sea otters, phocids, and cetaceans 
(Resendes et al. 2002a; Miller et al. 2008b;, Gibson et al. 2011, 
Shapiro et al. 2016). Although reproductive impacts of sys- 
temic protozoal infection on individual animals or localized 
animal groups are concerning, population-level impacts on 
reproductive success appear to be low. 


Physical Examination 


No clinical signs are pathognomonic of protozoal infection 
in marine mammals, but a good physical examination can 
provide helpful insight. Animals with severe systemic proto- 
zoal infection commonly exhibit moderate to severe systemic 
lymphadenopathy. Sea otters with S. neuwrona—associated sys- 
temic disease may exhibit conjunctival and nictitating mem- 
brane chemosis and subcutaneous petechiation, along with 
dilated, urine-distended bladders. 


Clinical Chemistry and Hematology 


Bloodwork other than protozoal serology is rarely informa- 
tive. Hypoglycemia and elevated muscle or liver enzymes are 
found in many sick animals, including those with and with- 
out protozoal disease. Testing urine, serum, tissues, or gas- 
trointestinal contents for biotoxin exposure may help exclude 
these agents as primary or contributing factors. 


Serology 


Serological tests, when used in combination with other 
assays, may help discriminate between unexposed animals, 
infection, and active disease. Due to long-term (perhaps life- 
long) persistence of tissue cysts, J. gondii and/or S. neurona 
seropositivity are suggestive of infection, not simply prior 
exposure. Elevated titers are often apparent in clinically ill 
animals; however, positive serology is not necessarily syn- 
onymous with disease (Miller et al. 2010). Tests used to detect 
serum antibodies to apicomplexan parasites (e.g. 7) gondii, 
S. neurona, and N. caninum) include agglutination, fluo- 
rescence-based, and colorimetric assays. Agglutination tests 
include direct agglutination (DAT), modified agglutination 
(MAT), and latex agglutination (LAT). These assays are widely 
available, simple to use, and especially useful to screen ani- 
mals when species-specific antibodies are not available. 
Colorimetric assays include ELISAs and Western blots. 
ELISAs are efficient for screening multiple samples but, like 
agglutination tests, may exhibit low sensitivity and speci- 
ficity when evaluating hemolyzed or debris-rich samples. 
Immunofluorescent antibody tests (FATs; Plate 20.9c) are 
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commonly used to screen marine mammals for seroreactivity 
to T. gondii, S. neurona, and N. caninum, and an IFAT for 
T. gondii was validated for sea otters (Miller et al. 2002b). 


Fecal Smears, Wet Mounts, Fecal Flotation, 
and Immunofluorescent Staining 


Smears and wet mounts of feces, blowhole mucus, and other 
biological samples (Plates 20.8 and 20.9) can facilitate diag- 
nosis of marine mammal infection by apicomplexan proto- 
zoa, flagellates, ciliates, and amoebae, and wet mounts can 


demonstrate motility of live parasites. Special stains such as 
Wright-Giemsa and silver stains can also facilitate parasite 
detection. Fecal floatation with microscopic examination 
(Plate 20.9) can aid detection of tissue cysts of enteric pro- 
tozoa and some flagellates, such as Giardia; application of 
genus-specific antibodies can further aid cyst or oocyst detec- 
tion, and allow the viewer to more easily distinguish different 
parasites in the same sample (Plate 20.9b). Because parasite 
shedding can be intermittent, examination of sequential fecal 
samples is advised. A common area of confusion is discrimi- 
nating between true enteric parasites and pseudoparasites, 


Plate 20.9 Protozoal diagnostic tests. (a) Fecal floatation: Microscopic view of enteric protozoan oocysts (unknown genus and species) from feces of 
an elephant seal from California. The oocyst indicated by the lower arrow is partially sporulated (bar = 30 um). (b) Direct fluorescence antibody stain- 
ing of feces: Mixture of larger, elliptical Giardia sp. cysts (large arrowhead) and tiny, round Cryptosporidium sp. oocysts (small arrowhead) visualized 

with immunofluorescent stains for each parasite to facilitate detection (bar = 40 um). (c) Serology using immunofluorescent antibody test (IFAT) for 
detection of Toxoplasma gondii serum antibodies: killed 7. gondii tachyzoites on a microscope slide are reacted with various dilutions of test serum 
to assess the presence of T. gondii—specific antibodies. The highest serum dilution showing bright green fluorescence around the outer rim of these 
parasites is the reported antibody titer (bar = 25 um). (d) Transmission electron micrograph (TEM) of Sarcocystis pinnipedi in gray seal liver, show- 
ing a single schizont containing numerous merozoites. A few of the merozoites have visible apical conoids (arrow). Subterminal nuclei with dispersed 
rather than marginated chromatin and the absence of rhoptries distinguish these merozoites from T. gondii bradyzoites (bar = 2.5 um). (Images a, b, 
and c courtesy of Beatriz Aguilar, Dr. Karen Shapiro, and Andrea Packham, respectively, University of California Davis School of Veterinary Medicine. 
Image d courtesy of Dr. Pierre-Yves Daoust [Canadian Wildlife Health Cooperative, Atlantic Veterinary College, University of Prince Edward Island] 
and Dr. Stephen Raverty [Ministry of Agriculture and Lands, Animal Health Center, Abbotsford, BC].) 
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including diatoms, pollen grains, and even parasite eggs from 
other animals that are simply “passing through” and are not 
significant (Plate 20.10). 


Parasite Isolation via Cell Culture 
and Mouse Bioassay 


These techniques are only available through specialized facili- 
ties. Although time consuming and expensive, they can help 


confirm infection and provide purified parasites to facilitate 
PCR, genotyping, diagnostic reagent preparation (Plate 20.9), 
and research. Parasite isolation in cell culture and mouse bioas- 
say result in selection bias, with more robust species and strains 
quickly outcompeting others, so results from parasite isolation 
should be interpreted in relation to findings from histopathol- 
ogy, immunohistochemistry, and/or PCR. For example, in mixed 
infections, 7’ gondii can dominate, and S. neurona will often 
disappear unless separated via dilution and sub-inoculation. 


Plate 20.10 Pseudoparasites. (a—d) Diatoms in fecal direct smears from Florida manatees (x100 objective; bar = approx. 15 um); they may be 
misinterpreted as parasites. (e) Implanted foreign body (possible diatom, at arrow) in sea otter tongue with secondary granulomatous inflammation 
(bar = 75 um). (f) False-positive immunoreactivity to Neospora caninum antibodies for Coccidiodes sp. fungal spherule (large arrowhead) and endo- 
spores (small arrowhead) in brain tissue. Bacteria will also occasionally cross-react on protozoal immunohistochemistry assays. Neospora caninum 
immunohistochemical stain (bar = 25 um). (g) Protozoal tissue cyst “look-alikes”: cross section of two venules (upper left and lower right) filled with 
bacterial cocci in skeletal muscle of a sea otter with acute bacterial sepsis. The pale round structure at center is a cross section of a nerve (bar = 

90 um). (h) Protozoal tissue cyst “look-alikes”: cross section of a cerebral artery filled with bacterial rods, characteristic of postmortem autolysis (bar = 
50 um). (Top left four photographs: Wright-Giemsa stain, cytology, courtesy of Dr. Nicole Stacy, University of Florida College of Veterinary Medicine. 
Remainder: H&E-stained (e, g, h) and immunostained (f) sea otter tissue courtesy of Dr. Melissa Miller.) 
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Trypsin pretreatment of tissue prior to cell inoculation is more 
likely to yield T gondii, if present (due to liberation of brady- 
zoites from tissue cysts). If S. meurona infection is suspected, 
trypsin pretreatment should be avoided for brain tissue samples, 
or tissue aliquots should be prepared with and without this pre- 
treatment and inoculated separately. 


Histopathology 


Histopathology is an excellent and inexpensive method for 
assessing necropsy and biopsy specimens from animals with 
suspected or confirmed protozoal infection. Formalin-fixed, 
paraffin-embedded tissues can facilitate parasite identification. 
Histopathology is the most sensitive technique to assess asso- 
ciations between protozoal infection and disease, but it can be 
challenging. The main factors to consider when assessing these 
impacts are (1) parasite stage(s) and concentration; (2) parasite 
tissue distribution, and (3) presence/absence, extent, chronic- 
ity, and severity of collateral damage (e.g., tissue necrosis and 
inflammation). However, relying solely on hematoxylin and 
eosin (H&E)-stained tissues can result in under-recognition of 
protozoal infection and disease; parasite-related damage can 
be focal and easily missed during tissue sampling. 

Because of the spectrum of clinical signs on presentation 
and lack of available historical information, it is often difficult 
to distinguish between incidental parasitism and significant dis- 
ease. Animals treated with antiprotozoal medications prior to 
death may not exhibit “typical” brain lesions on histopathology 
because rapidly dividing tachyzoites and merozoites have been 
killed and cleared. Considering microscopic findings in the con- 
text of treatment history, other diagnostic results (e.g., serology), 
and concurrent disease is extremely important. Where possible, 
parasite species confirmation through immunohistochemistry 
and/or PCR is recommended. Extra caution is also advised when 
screening autolyzed tissues; cross sections of blood vessels filled 
with densely packed bacteria (Plate 20.10g and h) can some- 
times resemble protozoal tissue cysts (Plates 20.3 and 20.4). 


Immunohistochemistry 


Immunohistochemical stains for T’ gondii, S. neurona, N. cani- 
num, Giardia spp., Cryptosporidium spp., and related para- 
sites are now commercially available, and often work well on 
formalin-fixed, paraffin-embedded tissue sampled from marine 
mammals. These stains can facilitate parasite identification, 
improve assessment of tissue parasite burden, and clarify spa- 
tial relationships between parasite presence and areas of tissue 
inflammation and necrosis. However, conventional histopathol- 
ogy and immunohistochemistry cannot discriminate between 
closely related parasites (e.g., S. neurona and other Sarcocystis 
spp.; Plate 20.3), and cross-reactivity is common (Lindsay et al. 
2001b; Dubey et al. 2003a). In addition, some antiprotozoal anti- 
bodies can cross-react with bacteria and fungi (Plate 20.10f) 
present in tissues, so tentative parasite identification is best con- 
firmed through PCR +/- transmission electron microscopy. 


Polymerase Chain Reaction (PCR) 


DNA PCR amplification and sequencing is considered the 
“gold standard” for definitive protozoal parasite detection and 
identification. Prevalence of protozoal infection in marine 
mammals is best confirmed via multi-tissue (e.g., heart, brain, 
skeletal muscle) and multi-locus (multiple genetic site) PCR, 
when possible. Systematic PCR testing often reveals a dif- 
ferent prevalence of infection than studies based on serol- 
ogy (Barbosa et al. 2015). Numerous laboratories can facilitate 
PCR detection from tissues, feces, or other samples, and com- 
parative sequences are now widely available in web-based 
databases. Advances in multi-locus PCR and sequencing tech- 
nology have facilitated discrimination of parasite strains or 
subtypes (e.g., genotypes) within species and genera. 

Limited studies of the relationship between protozoal 
genotype, clinical outcome, and disease presentation suggest 
that some strains are more common or more pathogenic in 
marine mammals than others (Girard et al. 2016). Genotype 
assessment can also help trace environmental sources for pro- 
tozoal infection, in some cases supporting land-based carni- 
vores as sources of marine mammal infection (Miller et al. 
2008b; VanWormer et al. 2014). Other molecular studies 
support a marine cycle for Neospora-like parasites infecting 
California sea lions and other marine mammals (Colegrove 
et al. 2011). Because parasite burdens can be low and the 
volume of tissue tested for PCR is tiny, it is best to test two 
or three cryopreserved tissues from each animal (e.g., tongue 
or skeletal muscle, brain, and heart), and repeat testing three 
times for each sample before deeming an animal “uninfected.” 
Although PCR is extremely helpful to assess protozoal infec- 
tion, detection of parasite DNA is not synonymous with con- 
firming protozoal disease; accurate disease diagnosis requires 
histopathology +/— immunohistochemistry. 


Transmission Electron Microscopy 


Transmission electron microscopy (TEM) can help confirm 
the presence of protozoa and reveals ultrastructural detail to 
aid parasite identification (Plate 20.9d). Detailed description 
of ultrastructural characterization is beyond the scope of this 
chapter, but has been discussed in detail elsewhere (Dubey 
et al. 2015b). Assistance from persons experienced in inter- 
preting protozoal ultrastructure is critical. 


Treatment and Prognosis 


Systemic Apicomplexans (T. gondii, 
Sarcocystis spp., and Neospora spp.) 


When considering treatment options, marine mammals with 
suspected or confirmed toxoplasmosis and/or sarcocystosis 
are often separated into two groups for practical reasons: 
stranded wild animals and long-term display animals. 
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Wild Marine Mammals For wild marine mammals, the 
brain, spinal cord, cardiopulmonary, and muscular changes 
resulting from systemic protozoal infection are often so severe 
and advanced at stranding that medical intervention is ineffec- 
tive, especially when neurological signs are apparent. Given 
the limited efficacy of antiprotozoal therapy for restoring nor- 
mal function for wild animals, a requirement for long-term 
oral therapy, and the heavy burden of caring for potentially 
dangerous animals with severe neurological disease, most ani- 
mals are humanely euthanized, although treatment may be 
attempted for selected cases. 


Marine Mammals Under Human Care Treatment and 
case management is more common for display animals that 
remain in a controlled environment, and where disease is often 
perceived at an early stage. Therapy should begin as quickly 
as possible after the onset of clinical signs. Since treatment is 
prolonged and expensive, important considerations include tis- 
sues affected, animal tractability, health status, and severity of 
clinical signs; as with EPM in horses, the clinical outcome for 
marine mammals with milder or more acute disease appears to 
be better than for animals with advanced disease. 

For horses with EPM, three oral anticoccidial compounds 
are licensed for equine antiprotozoal therapy in the United 
States: ponazuril (Marquis, Bayer Animal Health Corporation), 
diclazuril (Protazil®, Merck), and a sulfadiazine/pyrimethamine 
combination (ReBalance®, PRN Pharmacal). The triazine anti- 
protozoal medications ponazuril and diclazuril are most com- 
monly used for systemic antiprotozoal therapy in marine 
mammals. These oral medications can cross the blood-brain 
barrier and kill non-encysted protozoan parasites (e.g., mero- 
zoites and tachyzoites). In horses, a week of therapy at 5 mg/ 
kg body weight may be required to reach steady-state concen- 
trations of ponazuril in CSF, so an initial loading dose (5 mg/ 
kg body weight) has been recommended to more quickly 
achieve therapeutic concentrations (Dubey et al. 2015a). 

No negative side effects of ponazuril treatment have been 
reported from sea otters or harbor seals, but limited infor- 
mation is available to assess treatment efficacy. In addition, 
it is important to distinguish clinical effects of antiprotozoal 
therapy from those due to clearance of biotoxins (e.g., domoic 
acid) or resolution of concurrent disease; these concurrent 
events can complicate assessment of treatment efficacy. 

Ponazuril is considered somewhat effective in treating 
S. neurond-associated disease in harbor seals (Mylniczenko, 
Kearns, and Melli 2008) and sea otters (5 mg/kg PO SID), but 
minimally effective for toxoplasmosis, better clinical response 
following antiprotozoal therapy for animals infected with S. 
neurona than for T: gondii may be due to the more acute nature 
of many S. meurona infections, and because this parasite is less 
likely to form drug-resistant tissue cysts in the brain and spinal 
cord. In all cases, oral therapy is prolonged (60 days), and the 
difficulty of administering an oral liquid to a pugnacious sea 
otter cannot be understated (Murray, pers. comm.). 


Animals exhibiting central nervous system (CNS) disease 
sometimes die during the early stages of antiprotozoal ther- 
apy, even though merozoites and tachyzoites appear to be 
partially or completely cleared from the CNS. Based on histo- 
pathology, these losses may be due to systemic inflammatory 
or anaphylactic response to rapid death of parasites; elabora- 
tion of soluble antigens, toxic factors, or host cytokines; acute 
exacerbation of the host inflammatory response; cumulative 
CNS damage; and/or other concurrent disease. 

Because interferon gamma is considered a key cytokine 
in protection against S. neuwrona infection, immunomodula- 
tory therapy might be beneficial for select cases (Dubey et al. 
2015a). Other medications that may be therapeutic for treating 
muscular sarcocystosis include albendazole, metronidazole, 
and cotrimoxazole. Clindamycin, trimethoprim/sulfonamide, 
and sulfonamide/pyrimethamine therapy have been used on 
a limited basis in otters and seals with suspected or con- 
firmed systemic protozoal disease, but all were unsuccessful 
in restoring normal clinical function. 


Enteric and Respiratory Protozoa 


The clinical significance of infection appears to be low for 
some, but not all, enteric and respiratory protozoal parasites 
(Tables 20.4 and 20.5). As a result, marine mammals with 
suspected or confirmed enteric or respiratory protozoal infec- 
tions are divided into two groups: animals without clinical 
disease (e.g., incidental infections not requiring medical inter- 
vention) and animals with clinical disease that is suspected or 
confirmed to be due to protozoal infection. Efficacious treat- 
ment is possible for the latter group. 

One of the first considerations in captivity is limiting 
parasite exposure and reinfection. The risk of clinical dis- 
ease for enteric protozoa can increase as environmental fecal 
(and parasite) loading increases, resulting in higher expo- 
sure. Protozoal oocysts, cysts, and sporocysts shed in feces 
are resistant to inactivation by most disinfectants (Wainwright 
et al. 2007), and the infective dose can be low, especially 
for young, sick, and immune-suppressed animals. Since most 
enteric coccidia exhibit one-host life cycles with fecal—oral 
transmission, one simple preventative measure is to minimize 
fecal contamination of tanks and pens through physical 
removal and filtration. Quarantine and fecal screening of 
incoming animals is also important. 

Oral soluble sulfonamides such as sulfaquinoxaline can 
be effective for treating clinically apparent enteric protozoan 
infections (e.g., Cystoisospora and Eimeria spp.). Amprolium 
has also been used in domestic animals and may be con- 
sidered for preventative care in healthy in-contact animals 
(see Chapter 27). A captive bottlenosed dolphin (Zursiops 
truncatus) with diarrhea and dark mucoid feces associated 
with Cystoisopora sp. infection was successfully treated 
with oral sulfamethoxazole and trimethoprim (Kuttin and 
Kaller 1996). 
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Prevention 


Prevention of protozoal infection in captivity should include 
efforts to exclude definitive and intermediate hosts (including 
birds, rodents, and arthropods) from enclosures, food prepa- 
ration areas, and water sources. Birds can transmit 7! gondii, 
S. neurona, and other parasites if consumed by exhibit ani- 
mals. Standard municipal water treatment practices such as 
chlorination or UV irradiation may not reliably inactivate pro- 
tozoal oocysts or sporocysts in feces (Erickson and Ortega 
2006). Feeding live prey should be discouraged. Although 
T. gondii oocysts have been shown to retain infectivity even 
after 2 weeks at —21°C (Frenkel and Dubey 1973), freezing 
feed for several weeks kills some protozoan oocysts and spo- 
rocysts and should decrease the risk of exposure. No vaccines 
are available for prophylactic treatment of marine mammals. 

For wild marine mammals, prevention and control of trans- 
mission of land-based pathogens to the nearshore will require 
a new perspective about coastal watershed management, and 
wastewater and feces disposal. The old adage that “Dilution 
is the solution to pollution” does not work. Elimination of all 
definitive hosts is neither feasible nor desirable, but humane 
control of introduced and feral animal populations, limiting 
relocation of potential animal hosts to new areas, and con- 
scientious disposal of pet waste in approved sanitary landfill 
facilities are a start. One survey in coastal California revealed 
that outdoor pet and feral cats deposited at least 100 tons of 
feces each year within 2 miles of a high-risk area for T. gondii 
infection and disease for threatened sea otters (Dabritz et al. 
2006). Protecting estuarine marshes and restoring wetland 
habitats can also help retain land-based pathogens and limit 
contamination of marine waters (Shapiro et al. 2010, 2012b; 
Shapiro 2012c; Shapiro, Miller, and Mazet 2012a). 


Gross and Microscopic Lesions 


Systemic Apicomplexa 


There are no pathognomonic gross lesions to confirm dis- 
ease due to systemic protozoal infection; accurate diagno- 
sis requires histopathology and PCR. Gross lesions in marine 
mammals with systemic protozoal infection (especially S. 
neurond) may include conjunctival chemosis, subcutaneous 
hemorrhage, moderate to marked lymphadenopathy, and 
splenomegaly with splenic nodular lymphoid hyperplasia, 
orange-white mottling of the myocardium, serous to viscous 
pericardial effusion, pulmonary edema, symmetrical or asym- 
metrical muscle atrophy, an enlarged and urine-distended 
bladder, and multiorgan congestion (Miller et al. 2010). 
Depending on the parasite and host species, gross 
lesions may also include pulmonary emphysema, emaciation, 
hepatic necrosis and icterus (Dubey et al. 2003a), gastro- 
intestinal and adrenal hemorrhage, and abortion, stillbirth, 
or neonatal mortality (Miller 2008a; Shapiro et al. 2016; 


Tables 20.1 and 20.3). California sea lions infected with S. 
neurona may exhibit grossly apparent myositis, characterized 
by linear pale streaking of the diaphragm and other skeletal 
muscles (Carlson-Bremer et al. 2012). 


. gondii The most common microscopic lesion reported 
for marine mammals with toxoplasmosis is nonsuppurative 
meningoencephalitis with variable numbers of intralesional 
tachyzoites and thin-walled, angular-edged tissue cysts (Plate 
20.1). This inflammatory infiltrate often forms large nodules 
that are dispersed randomly throughout the brain and spinal 
cord with variable necrosis, gliosis, cavitation, and dystro- 
phic mineralization. Prominent perivascular cuffs of inflam- 
matory cells often surround adjacent blood vessels. Viral, 
bacterial, toxic, immune-mediated, and fungal diseases may 
incite a similar inflammatory pattern, so careful examination 
for other infectious agents and viral inclusions is warranted. 
Occasionally this infiltrate invades the ventricles and choroid 
plexus, suggestive of parasite spread via cerebrospinal fluid. 
Tissue cysts and tachyzoites are often concentrated along the 
outer edges of inflammatory nodules, suggesting a centripetal 
pattern of parasite spread (Plate 20.1). 

In chronic cases, inflammation is often most concen- 
trated in the meninges and perivascular spaces, sparing neu- 
ropil, and tissue cysts may be present in brain tissue with 
no inflammation or free tachyzoites. Immunohistochemistry 
sometimes reveals additional free or intracellular zoites, sug- 
gestive of chronic, low-grade parasite turnover and/or recru- 
descence. Chronic 7’ gondii infection may smolder until a 
critical portion or volume of neuropil is damaged, culminat- 
ing in clinical disease or death. 

For most T: gondii-infected sea otters, fewer parasites are 
observed outside of the central nervous system, suggestive 
of subacute to chronic infection. Extra-CNS lesions reported 
from 7 gondii-infected marine mammals include skeletal 
myositis, myocarditis, myonecrosis, steatitis, interstitial pneu- 
monia, necrotizing hepatitis, adrenalitis, thymitis, lymphad- 
enitis, splenitis, and lymphoid necrosis (Carlson-Bremer et al. 
2012, 2015). 

Placental lesion reports are sparse because this tissue 
is rarely saved or available for microscopic examination. 
However, nonsuppurative placentitis has been reported 
(Table 20.1). Infected fetuses and neonates can die from 
acute, severe disseminated toxoplasmosis, and congenital 
brain malformation was reported in association with severe 
T. gondii infection in a neonatal sea otter (Miller 2008a). 
Reproductive associations are further discussed under epi- 
zootiology below. 


Sarcocystis neurona and Other Sarcocystis sp. On his- 
topathology, S. neurona infection can often be distinguished 
from 7: gondii based on the host inflammatory response, even 
when parasites are sparse. S. neurona—associated inflam- 
mation is usually more pleocellular and diffuse, containing 
admixed histiocytes, lymphocytes, plasma cells, neutrophils, 
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and sparse eosinophils, as compared to the large, widely 
spaced inflammatory nodules associated with toxoplasmosis. 

Animals with S. neurona—associated meningoencephali- 
tis often have very severe CNS inflammation, but parasites 
can be hard to see on H&E-stained tissue sections, especially 
for animals that received antiprotozoal therapy; immunohis- 
tochemistry of brain tissue is recommended for all suspected 
cases. When parasites are visible, S. neurona differs from 
T gondii regarding the dominant pattern of asexual division 
within host cells, which can help distinguish these parasites 
microscopically and ultrastructurally. 7; gondii division occurs 
by endodyogeny; two parasites form by lateral division within 
“mother” cell cytoplasm. In contrast, S. neurona divides 
mainly by endopolygeny; multiple daughter parasites bud off 
the “mother” cell surface, forming a distinctive, flower-like 
arrangement called a rosette-form schizont (Plate 20.2c). 
In addition, 7’ gondii tachyzoites or bradyzoites tend to be 
shorter, stouter, and more eosinophilic on H&E tissue sec- 
tions than S. neurona merozoites. Pending confirmatory tests, 
detection of rosette-form schizonts in brain tissue on histopa- 
thology provides strong preliminary evidence for S. newrona 
or Sarcocystis sp. infection. 

In contrast with 7 gondii, S. neurona tissue cysts are rare 
in neuropil, but do occur. When present, they are typically 
smaller, rounder, and more basophilic than JT! gondii tissue 
cysts and have a thicker cyst wall with prominent surface 
projections, or pegs (Plate 20.2). Transplacental transmission 
of S. neurona has been reported in marine mammals (Table 
20.3), and maternal infection may cause abortion and neo- 
natal death, either due to transplacental infection or severe 
S. neurona-—associated illness in the dam. 

Histopathologic examination of the myositis noted 
on gross examination of California sea lions infected 
with S. neurona revealed multifocal sarcocysts and mod- 
erate to severe lymphoplasmacytic and histiocytic myo- 
sitis. Muscle PCR confirmed infection by S. neurona. 
Meningoencephalitis is less apparent in infected sea lions. 
Similarly, infection by hepatotropic Sarcocystis spp. (Table 
20.3) causes severe, fatal necrotizing hepatitis without 
meningoencephalitis (Plate 20.5). Sarcocysts from several 
other Sarcocystis spp., including uncharacterized species, 
are observed in marine mammal skeletal muscle or myocar- 
dium without evidence of significant pathology other than 
mild myositis (Table 20.3). 


Neospora caninum, N. caninum-—like, and Neospora- 
like Parasites Neospora caninum and N. caninum-like 
infections are increasingly reported in marine mammals 
(Table 20.2). There are limited details regarding the patho- 
physiology and clinical significance of these infections, but 
in most cases, infection appears to be incidental (Table 
20.2). A harbor seal that died with meningoencephalitis was 
infected with an apicomplexan parasite that remains uniden- 
tified (Lapointe et al. 2003). Infection by an N. caninum-— 
like strain has been hypothesized but cannot be confirmed. 


Concurrent Toxoplasma gondii and/or Sarcocystis neurona 
infection can further confuse efforts to clarify pathology 
attributed specifically to Neospora-like parasites; however, 
it may suggest infection by a second terrestrial-origin para- 
site. Although sea lions appear to serve as definitive hosts 
for some Neospora-like spp., others may be introduced into 
the marine environment in a manner similar to T. gondii 
and S. neurona. 


Enteric Protozoa 


Gastrointestinal protozoa (e.g., Cystoisospora, Eimeria, and 
Giardia spp.) often infect the marine mammal gastrointestinal 
tract with no apparent gross lesions. Less commonly, infec- 
tion is associated with loose stools, diarrhea, intestinal mural 
thickening, diffuse mucosal hemorrhage and necrosis, muco- 
sal erosions or ulcers, and mucosal, intramural, or subserosal 
nodules. Reports of infection-associated pathology and death 
are most common for captive marine mammals with Eimeria 
spp., and less commonly, Cystoisospora spp. (Table 20.4). 
Microscopic findings range from detection of parasites with- 
out mucosal pathology, to scattered apical enterocyte necrosis 
with scant inflammation, to protozoa invading and distend- 
ing mucosal glandular elements and crypts, leading to villous 
blunting and fusion. Bacterial overgrowth may also be appar- 
ent, and parasites may occasionally invade the lamina propria 
or submucosa. Although Giardia and Cryptosporidium spp. 
infections are increasingly recognized in marine mammals, 
clinical disease is not reported. Prime differentials for clini- 
cally apparent enteric protozoal infection include Salmonella 
spp., Campylobacter spp., Yersinia spp., Clostridium difficile, 
and helminth infections. 


Other Protozoa 


Fatal marine mammal disease due to Trypanosoma and 
Leishmania sp. infection are limited to case reports for a 
captive polar bear (Jaime-Andrade et al. 1997) and a wild 
Mediterranean monk seal (Toplu, Aydogan, and Oguzoglu 
2007), respectively (Table 20.5). Cetacean ciliate parasites 
such as Kyaroikeus cetarius tend to be clinically silent when 
present in the upper respiratory tract, but infection has been 
associated with dermatitis, pneumonia, and lymphadenitis, 
especially in sick or immune-suppressed animals (Table 20.5). 
No apparent disease was noted for marine mammals with 
enteric amoebiasis. 


Epidemiology and Epizootiology 


Most research on the epizootiology of protozoan parasite 
infection in marine mammals has focused on T: gondii, with 
fewer reports for S. neurona, Giardia, and Cryptosporidium 
spp. This section summarizes patterns and risk factors for 
marine mammal infection. 
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Spatial Distribution 


Toxoplasma gondii infections in marine mammals parallel the 
worldwide distribution of the parasite and its definitive host Ge., 
felids), with sero-reactivity and/or clinical disease reported from 
coastal North and South America, Europe, Asia, the Canadian 
Arctic, and Australia (Table 20.1). Marine mammal infections 
with S. meurona are more geographically limited, likely due to a 
smaller range and/or more recent introduction or expansion of 
the definitive host (possums) into new areas. Exposure and/or 
disease due to S. neurona have been primarily reported from 
the west coast of North America (Table 20.3). The striking 
absence of reported S. neurona infections in marine mammals 
inhabiting other regions where opossums are present (e.g., the 
Southern and Eastern coasts of the continental United States) 
is puzzling and highlights gaps in our understanding of pro- 
tozoan parasite transmission dynamics in coastal ecosystems. 
Sero-reactivity to N. caninum has been reported for marine 
mammals in North America and Japan, with one infection con- 
firmed via parasite isolation in cell culture from a dolphin in 
California (Gulland, unpubl. data). In addition, several unique 
N. caninum-like parasites have been detected in pinnipeds in 
California, Washington, and BC Canada (Table 20.2), California 
sea lions appear to serve as definitive hosts for one or more of 
these newly recognized parasites. 

The possibility of marine mammal definitive hosts for 
T. gondii and S. neurona, and the ability of fish or invertebrate 
prey to serve as true intermediate hosts have been investigated, 
and neither hypothesis appears to be supported by scientific 
data (Colegrove et al. 2011). With the exception of transpla- 
cental transmission, most marine mammal infections appear 
to originate from environmental exposure to oocysts or spo- 
rocysts shed by terrestrial definitive hosts, not through con- 
tact with marine conspecifics. The high prevalence of marine 
mammal infection in some areas suggests that environmental 
contamination by oocysts and sporocysts is extensive, and sus- 
ceptible host populations may be geographically confined. 


Transmission 


Recent research has revealed new insight on the mechanisms 
that govern transmission of terrestrial parasites to the marine 
environment. Once deposited in feces on land, (0o)cysts are 
remarkably resistant to physical and chemical insults, facili- 
tating parasite survival during transport from land to sea. In 
temperate regions, rainfall acts as a major driver to mobilize 
transport of parasites into watersheds, as do impermeable 
storm conduits that drain into coastal waters. Investigations in 
the Canadian Arctic also suggest that early snowmelt can pro- 
vide a powerful force for mobilizing infective oocysts depos- 
ited the previous year (Simon et al. 2013). 

Studies on TJ: gondii demonstrate that once in coastal 
waters, oocysts can accumulate in organic flocs called “marine 
snow” that serve as food for vertebrate fish and invertebrates 
such as filter-feeding shellfish (Shapiro et al. 2012b, 2015). 


Although invertebrates and cold-blooded fish are not known 
to serve as true intermediate hosts for 7: gondii (or other proto- 
zoans covered in this chapter), hardy oocysts are able to persist 
in these low trophic-level animals for up to several months, 
making them effective mechanical hosts (Arkush et al. 2003; 
Lindsay et al. 2004). Both T gondii and S. neurona have been 
detected in shellfish (Shapiro et al. 2015; Michael et al. 2016), 
and fish can harbor 7! gondii oocysts and DNA (Massie et al. 
2010), demonstrating how piscivorous marine mammals can 
acquire these parasites. Oocysts are also able to directly adhere 
to sticky biofilms present on seaweeds (Mazzilo, Shapiro, and 
Silver 2013), where they can be consumed by surface-grazing 
snails (Krusor et al. 2015) that were identified as high-risk prey 
for T. gondii exposure in southern sea otters (Enhydra lutris 
nereis). Collectively, these mechanisms demonstrate how ter- 
restrial protozoans can assimilate into marine food webs and 
become bioavailable to marine mammals. 

While the predominant route of marine mammal expo- 
sure to most apicomplexan protozoa appears to be horizon- 
tal transmission (via oral ingestion of parasites in water, prey, 
or through grooming), vertical transmission from dam to 
fetus can also occur. In terrestrial animals, vertical transfer 
of 7! gondii and N. caninum is well documented, and trans- 
placental transmission of 7’ gondii is a major health concern 
for humans, associated with fetal abortion, hydrocephalus, 
mental retardation, blindness, and death (Tenter, Heckenroth, 
and Weiss 2000). Similar fetal impacts resulting from mater- 
nal infection with 7: gondii have been documented in marine 
mammals. A single case of dual transplacental transmission 
of S. neurona and T: gondii has been described in a southern 
sea otter (Shapiro et al. 2016). The potential for transmam- 
mary exposure to T’ gondii was examined for a lactating sea 
otter (Shapiro et al. 2016), but to date, no data documenting 
this mode of transmission are available for marine mammals. 
The difficulty of obtaining tissues from aborted marine mam- 
mal fetuses presents a large impediment for investigating the 
importance of vertical transmission of protozoal pathogens in 
the marine environment. 


Risk Factors 


Diet Based on prior epidemiological studies (Tables 20.1 and 
20.3), ingestion of protozoa in contaminated food appears to 
be an important route of marine mammal exposure. Identifying 
specific food items associated with parasite exposure in wild- 
life is challenging because direct observation of individual 
animal dietary preferences in the marine environment is 
logistically difficult, animals often present for necropsy with 
empty gastrointestinal tracts, and prey consumption patterns 
may change perimortem in sick or subdominant animals. 
However, long-term monitoring of radiotagged southern sea 
otters has enabled identification of kelp-dwelling snails as a 
risk factor for infection with 7. gondii (Johnson et al. 2009). 
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Potential sources of T: gondii exposure for other marine 
mammals are speculated, including consumption of fish for 
arctic ringed seals (Simon et al. 2011), and consumption of 
ringed and bearded seals for polar bears (Jensen et al. 2010). 
However, epidemiological data to confirm these links are 
not available. 


Age Marine mammal infections with T: gondii are typically 
more common in older animals, consistent with the chronic, 
lifelong infection caused by this parasite. Studies in California 
have revealed specific risk factors for T; gondii exposure and 
disease in sea otters, including older age (Miller et al. 2002a; 
Kreuder et al. 2003, 2005). Similar associations have been 
described for polar bears (Jensen et al. 2010) and California 
sea lions (Carlson-Bremer et al. 2015). In one investigation 
conducted in the Canadian Arctic, exposure to 7! gondii was 
more likely to occur in juvenile seals when compared with 
adults (Simon et al. 2011). 


Sex Male gender is associated with a higher likelihood of 
exposure to 7: gondii in sea otters (Miller et al. 2002a; Kreuder 
et al. 2003, 2005), while for polar bears, this association was 
true only for older (610 years) animals (Jensen et al. 2010) 
or certain geographic subpopulations (Oksanen et al. 2009). 
Increased risk for 7’ gondii infection in males may be due to 
larger home ranges, and higher body mass, caloric demand, 
and food consumption. 


Location Proximity to freshwater runoff and enclosed 
bays with limited tidal flushing action has been associated 
with T gondii and S. neurona infections (Miller et al. 2002a; 
Kreuder et al. 2003; Conrad et al. 2005), while temporal 
associations were described between S. newrona—associated 
sea otter deaths and increased freshwater runoff following 
rainfall in California (Miller et al. 2010; Shapiro et al. 2012b). 
These findings further emphasize the importance of patho- 
gen spread between terrestrial definitive hosts and sympatric 
marine mammals. 

A study examining exposure of marine mammals to 
T. gondii in Russia demonstrated highest exposure in bottle- 
nose dolphins (Zursiops truncatus ponticus) from coastlines 
near densely populated regions of the Black Sea, and sug- 
gested that the impact of anthropogenic influences enhanced 
coastal contamination with this pathogen (Alekseev et al. 2009). 
High-risk areas for marine mammal exposure to T! gondii, 
S. neurond, or other pathogenic protozoa undoubtedly exist 
elsewhere around the world. 


Season Strong seasonal variation is noted for S. neurona- 
associated mortality in southern sea otters, with more ani- 
mals dying in the spring and summer months (Shapiro et al. 
2012a). This may result from both environmental and bio- 
logical factors; shedding of S. neurona sporocysts in opossum 
feces is more likely to occur during spring-summer months 


in California (Rejmanek et al. 2009). In addition, opossums 
reproduce during this period, and peak southern sea otter 
pupping occurs in late winter or early spring, placing high 
numbers of young, naive opossums and immature otters in 
close proximity. Finally, winter and spring are the periods of 
maximal rainfall along the central coast of California, when 
high numbers of sporocysts could be flushed downstream, 
placing marine mammals at higher risk. 


Disease Outcome 


Disease outcome following protozoal infection depends 
on complex interactions among pathogen virulence, host 
immune status, and concurrent infections or stressors (e.g., 
nutritional and reproductive status). Presence of Giardia and 
Cryptosporidium in marine mammals is usually reported in 
normal (.e., nondiarrheic) stool through opportunistic sam- 
pling from wildlife; associations with clinical illness due to 
these pathogens are unknown or unreported (Tables 20.4 
and 20.5). Seropositivity to T. gondii has been reported for 
numerous clinically normal marine mammals, while others 
succumb to fatal disease (Table 20.1). Several studies have 
reported correlations between significant protozoal disease 
in marine mammals and immunosuppressive factors, includ- 
ing morbilliviruses, anthropogenic pollutants, and bacterial 
sepsis (Gulland et al. 1997; Schulman et al. 1997; Alekseev et 
al. 2009). However, concurrent immunosuppressive processes 
are not always identified, and other factors such as high para- 
site exposure, enhanced parasite infectivity or pathogenicity, 
new host—parasite interactions, and genetic factors may also 
contribute to the high apparent susceptibility of some marine 
mammal species to 7! gondii and S. neurona. 

Toxoplasma gondii—associated encephalitis was exacer- 
bated by coinfection with Brucella spp. and Listeria mono- 
cytogenes in a wild striped dolphin (Stenella coeruleoalba) 
from Italy (Grattarola et al. 2016). Concurrent infections with 
T. gondii and S. neurona have also been linked to increased 
severity of protozoal encephalitis and higher mortality in 
marine mammals from the Pacific Northwest (Gibson et al. 
2011). The ability of S. meurona to cause clinical disease was 
recently linked to parasite genotype. A novel S. neurona 
strain (Type XII) was associated with increased pathogenic- 
ity in marine mammals from the northeastern Pacific Ocean 
(Barbosa et al. 2015), while a Type I S. neurona genotype 
was implicated in a 2004 mass-mortality event in California, 
resulting in the death of at least 40 southern sea otters (Miller 
et al. 2010; Wendte et al. 2010a,b). 

In addition to death due to meningoencephalitis, poten- 
tial indirect causes of mortality exist for 7 gondii- and S. 
neurona-infected marine mammals, including potentiation 
of concurrent infection (Gibson et al. 2011). Negative impacts 
of T gondii brain infection on mentation and behavior are 
reported in humans, laboratory animals, and experimentally 
infected gray seals (Gadjadhar et al. 2004). Reproductive 
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impacts such as fetal death and abortion due to transpla- 
cental 7! gondii infection may be important for some groups 
of marine mammals, particularly cetaceans (Resendes et al. 
2002a). 


Climate and Habitat Change 


Climate and habitat alteration can also impact protozoan 
pathogen exposure, infection, and disease outcome through 
various means. Parasite survival may be enhanced in arctic 
locations due to warmer local temperatures; (Oo)cyst trans- 
mission can be enhanced by increased runoff as intensity of 
storm events rises; increased impervious surfaces contribute to 
greater mobilization of fecal matter into waterways; there may 
be alterations in predator-prey dynamics; and, due to shifting 
temperatures and urban expansion, polar expansion of defini- 
tive hosts may be occurring (Shapiro 2012c; Burek-Huntington, 
Gulland, and O’Hara 2008). Evidence for the impact of some of 
these changes on protozoan infections in marine mammals has 
largely focused on T: gondii. Spatial correlation between high- 
risk locations for sea otter exposure to T. gondii and loading of 
oocysts deposited in coastal waters has been recently shown in 
a hydrological model (VanWormer et al. 2016). This investiga- 
tion demonstrated increases in parasite flow to the sea linked 
with climate variables such as rainfall intensity and imperme- 
able surfaces associated with anthropogenically-driven habitat 
change. Specific landscape change, such as wetland degrada- 
tion, has also been shown to favor the transport of T: gondii 
oocysts to coastal waters (Shapiro et al. 2010). Exposure of 
polar bears to 7: gondii may have risen in recent decades, pos- 
sibly due to enhanced oocyst survival and increased exposure 
to contaminated water Jensen et al. 2010). For S. neurona, 
emerging parasite strains in marine mammals from the Pacific 
Northwest were associated with a shifting range of the defini- 
tive opossum host (Barbosa et al. 2015). 


Conclusions 


On a global scale, the high frequency of marine mammal 
infection by land-based protozoa provides an outstanding illus- 
tration of the interconnectedness between land and sea, and 
between humans and all other organisms. Coastal urban devel- 
opment, agricultural intensification, and increasing manipu- 
lation of river flow into oceans can facilitate environmental 
contamination and parasite spread into marine ecosystems. 
Because humans consume similar prey (marine algae, inverte- 
brates, fish, and marine mammals), the risk of human exposure 
and the adverse health impacts of protozoal parasite loading of 
marine ecosystems are likely to increase over time. 
Outstanding scientific opportunities exist to clarify mech- 
anisms of land-sea transfer of protozoal parasites, to explore 
marine mammal host ranges (including large whales, polar 
and pelagic species), and mechanisms of parasite spread, both 
to and within the Polar Regions. Also important are studies of 


methods to effectively detect and inactivate oocysts present 
in soil, water, sewage, and prey. New molecular techniques 
have revealed that the range of protozoal genotypes present 
worldwide is far more diverse than was previously imagined. 
Study of the environmental niches occupied by these differ- 
ent genotypes will provide important clues as to their origins, 
population dynamics, and pathogenicity. Finally, the develop- 
ment of novel antiprotozoal therapies may help treat marine 
mammals with protozoal disease. 
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Introduction 


Knowledge of the helminth and parasitic arthropod fauna 
of marine mammals is important to biologists, veterinar- 
ians, animal care specialists, managers, and consumers of 
marine mammals such as indigenous peoples and the pub- 
lic in understanding the significance and role these parasites 
have in captive and free-ranging marine mammals. Most hel- 
minths and parasitic arthropods of marine mammals com- 
prise the normal fauna of otherwise healthy animals and are 
well adapted to those hosts. Other parasites appear to be 
new acquisitions in marine mammals, perhaps due to lack 
of study, and some of these appear to be generally well tol- 
erated. Yet, still other well-known parasites “emerging or 
resurging” in marine mammals due to habitat degradation, 
other diseases, immunotoxins, or other stressors (nutritional, 
environmental, or human-related activities) cause significant 
disease. Parasitic infections can have direct or indirect effects 
on health, immune status, survival, recruitment, and popula- 
tion dynamics. Even apparently benign parasites can become 
opportunistic, invasive, and highly pathogenic in susceptible 
or weakened animals, particularly in small isolated popula- 
tions or species at risk. Parasites and the diseases they cause 
can compromise recruitment, resulting in failure of small 
threatened populations to recover. Despite our current wealth 
of parasitological knowledge, new parasites and the diseases 
they cause are still being documented in marine mammals 
worldwide. The role of immunotoxins or other stressors in 
promoting or exacerbating the pathogenicity of parasitic 
infections is poorly understood in marine mammals, partly 
due to lack of comparable controls and the involvement of 
various cofactors (Measures 2001; Jepson et al. 2005; Bull et 
al. 2006; Kannan et al. 2007; Lair, Measures, and Martineau 
2016). Further research, including experimental studies to 
elucidate life cycles @vhich are poorly known for parasites 
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in the marine environment), is urgently needed to identify 
and understand risk factors and threats to the conservation of 
marine mammals, to inform management decisions, to evalu- 
ate health risk to humans from zoonotic parasites, and to 
determine veterinary treatment if warranted. 

A parasite is defined simply as an organism adapted to 
live on or within another organism, the latter being termed 
a “host.” Parasitism is the most common lifestyle in the 
world—there are far more parasites than there are free-living 
organisms (Windsor 1998). Parasitism is found in every ani- 
mal phylum from protozoans to chordates and in most plant 
groups. Parasites in the classic sense (excluding viruses, bac- 
teria, and fungi) include protozoa, the helminths (Monogenea, 
Digenea, Cestoda, Acanthocephala, Nematoda), and parasitic 
Arthropoda. Phoronts are organisms that live attached to liv- 
ing organisms or inanimate objects and thus are not strictly 
parasites. This chapter deals with helminths and _ parasitic 
arthropods; protozoans are covered in Chapter 20. 

The study of parasites of marine mammals, much like 
the field of marine mammalogy, began with examination of 
beach-cast carcasses by zoologists, parasitologists, physicians, 
and veterinarians in the fifteenth century. The worldwide com- 
mercial exploitation of marine mammals, including fur-bearing 
seals and oil-yielding whales, elicited study of their parasites 
and associated diseases. Most of the early work was taxonomic 
involving species descriptions of material collected on the 
beach or during a number of scientific expeditions in the Arctic 
and Antarctic. Delyamure (1955), a Russian parasitologist, pub- 
lished the first comprehensive work on parasitic helminths of 
marine mammals. During the mid-twentieth century, parasitic 
diseases such as trichinellosis and anisakiosis were recognized 
as zoonotic threats to human consumers of marine mammals 
or of fish intermediate hosts, especially to indigenous peoples 
GJenkins et al. 2013). In the 1950s and 1960s, further interest 
in parasites and the diseases they caused in marine mammals 
was stimulated by the US Navy and zoological parks keeping 
marine mammals in captivity (Ridgway 1972). Public interest 
in wild marine mammals grew throughout the 1970s, lead- 
ing to interest in stranded marine mammals and awareness of 
anthropogenic threats to their health, habitat, and conserva- 
tion, especially due to environmental degradation and over- 
exploitation. This interest was intensified further during mass 
mortality events such as the 1988-1989 phocine morbillivirus 
epizootic in Europe and subsequent outbreaks (Dietz, Heide- 
Jorgensen, and Hark6nen 1989; Jensen et al. 2002). Veterinary 
care of marine mammals in zoological parks and rehabilitation 
centers and directed zoological research on hunted or stranded 
animals have resulted in increased knowledge of pathogenic 
effects of parasites, including discovery of new or “emerging” 
parasites, especially in animals subjected to stressors such as 
chemical contaminants, biological (pathogen) pollution, envi- 
ronmental variability, and nutritional stress. Many researchers 
have suggested that some severe diseases in marine mammals 
are related to the overall health of the marine environment 
(Reddy, Dierauf, and Gulland 200D. 


The distribution of parasites of marine mammals reflects, 
to some extent, the distribution of parasitologists—parasites 
of marine mammals outside of Russia, North America, and 
Europe are poorly studied. Publications on parasites in marine 
mammals are often based on limited examination of selected 
tissues and organs—indeed, Delyamure’s monograph reported 
on results of the parasitological examination of over 1000 
marine mammals comprising 18 species, of which only 12 were 
complete necropsies (Delyamure 1955). In general, the size of 
some of these marine mammals and their rapid deterioration 
on the beach are impediments to detailed parasitological and 
histopathological work of quality. Nevertheless, a picture of 
the “normal” parasitic fauna of some species of marine mam- 
mals is emerging thanks to work by FJ. Aznar, M.D. Dailey, 
S.L. Delyamure, J.R. Geraci, D.I. Gibson, E.P. Hoberg, J.A. Raga, 
R.L. Rausch, S. Yamaguti, and many others. 

The parasites of marine mammals, some of which are highly 
pathogenic, have been studied for a long time, and recent taxo- 
nomic and systematic revisions of many genera have helped our 
understanding of their biology, pathogenicity, and evolution, 
including knowledge of the health, diet, biology, biogeography, 
migration, and evolution of marine mammals. For example, 
some cestodes (Jetrabothrius), digeneans (Philophthalmus, 
Mesorchis and others), and parasitic copepods (Pennella) 
found in marine mammals are shared with marine birds or fish 
(Kabata 1979, Gibson 2002; Hoberg 2002; Dailey, Ellin, and 
Paras 2005; Hernandez-Orts et al. 2012; Fraija-Fernandez et al. 
2015), which suggests evolutionary host capture or colonization 
from hosts in the marine environment. Other parasites with 
terrestrial ancestors were lost by marine mammals during their 
evolutionary return to the sea, while a few have remained (e.g, 
metastrongyloids, anopluran lice; Anderson 1984; Leonardi and 
Palma 2013). Some relatively recent host-parasite relationships 
are suggested by maladapted pathologic responses or nutri- 
tional and habitat changes (Gulland et al. 1997; Mayer, Dailey, 
and Miller 2003). Small isolated marine mammal populations 
are susceptible to stochastic catastrophic events, which can 
include epizootics, environmental change, or toxic algal blooms 
(Lyons et al. 2012; Starr et al. 2017; Marcus, Higgins, and Gray 
2015; Lair, Measures, and Martineau 2016). While the role of 
disease in free-ranging marine mammal populations is poorly 
understood, several parasites and other pathogens were identi- 
fied as significant factors in the dynamics of threatened species 
(Cleaveland et al. 2001; Kreuder et al. 2003; Lair, Measures, 
and Martineau 2016). Some parasites (Vasitrema, Crassicauda, 
Uncinaria, lungworms) may play a regulatory role in some 
marine mammal populations. 


Collection and Preservation of 
Parasites and Terminology 


Stranded marine mammals provide a biased sample (animals 
are often sick), while hunted or by-caught animals may provide 
a less biased sample (animals are usually in good health) and 
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are particularly useful in assessment of the health of popula- 
tions. Killing marine mammals for research is not accepted in 
some human cultures, but may be needed to study internal 
parasites, their biology, and the lesions they cause; working 
with fishers or indigenous hunters can be productive in obtain- 
ing samples. Noninvasive sampling techniques can be used, 
but can pose unique problems of their own (Kleinertz et al. 
2014, Rengifo-Herrera et al. 2014; Hermosilla et al. 2015). 

The careful dissection of marine mammals and their 
tissues to find and preserve parasites so that they can be 
identified to the genus and species level is important, particu- 
larly if the purpose of the dissection is to determine cause 
of death, since parasites may be associated with lesions. The 
exterior body surface, body openings, airways, and reproduc- 
tive, excretory, and gastrointestinal systems should be care- 
fully examined, passages opened, mucosal surfaces gently 
scraped and rinsed with physiological saline into a series of 
sieves (1.00 mm, 500 pm, 250 pm), and then placed into finger 
bowls. Use of a dissecting microscope to visualize small para- 
sites in saline rinses is advisable. Other organs (i.e., liver, kid- 
ney, spleen, brain) should be systematically sliced to visualize 
parasites or lesions possibly caused by parasites. Small pieces 
of tissue G.e., lung parenchyma, liver, brain, epithelium, etc.) 
may be pressed between glass plates and examined using a 
dissecting microscope to visualize parasites in situ. A pepsin 
solution using a modified Baermann technique can also be 
useful in freeing encysted or encapsulated parasites in host 
tissues (Baermann 1917; Lyons et al. 2012; Measures 2014). 
Specimens coated with blood, mucus, stomach contents, or 


other material may be cleaned by agitating or rinsing with 
saline using a pipette, wash bottle, or use of fine brushes. 
Fresh carcasses are, of course, ideal with respect to finding 
and preserving parasites for future study, but lightly decom- 
posed carcasses (Code 3 as per Geraci and Lounsbury 2005) 
may still provide useful specimens for identification, partic- 
ularly acanthocephalans and nematodes due to their tough 
external cuticle. Unfortunately, some delicate digeneans and 
most cestodes rapidly decompose, and ectoparasites such as 
mites, lice, and some parasitic arthropods may leave or be 
washed off carcasses postmortem. As carcasses cool, some 
parasites move within tissues (termed postmortem migration) 
and may be found outside their normal tissue location or site 
(ie., Anisakis spp. migrating into the esophagus or mouth). 
Parasites should always be handled with care using 
pipettes, fine brushes, blunt probes, or hooked insect pins. 
Sharp forceps and needles may puncture cuticles leading to 
rupture of internal structures under hydrostatic pressure in 
the fluid-filled pseudocoelom of nematodes. Placing parasites 
in physiological saline in petri dishes avoids desiccation and 
osmotic changes prior to preservation with a chemical fixative. 
If parasites are still alive, they should be relaxed in saline. This 
is especially necessary for cestodes or specimens that may be 
entangled or attached to tissues. Also, deeply embedded para- 
sites often require careful teasing from tissues. For example, 
the proboscis of acanthocephalans embedded in the intestinal 
mucosa or the head of nematodes embedded in lung paren- 
chyma can be freed from tissues using fine forceps. Table 21.1 
indicates common fixatives used for helminths and arthropods. 


Comments 


If alive, relax specimen in cold saline at 4°C overnight, then fix with hot AFA. If 


dead, place in vial with cold AFA. Handle carefully as cestodes are fragile—use 
brushes or lift with probe, never sharp tools. Free attached scoleces from tissues 
by gently scraping host intestinal mucosa. Transfer to vials or jars with label. 
Once fixed for several days, specimens can be stored in 70% alcohol. 


If alive, relax specimen in cold saline at 4°C for an hour or so, then fix specimen 


flat between coverslips with hot AFA. Be careful because some digeneans are 
very delicate. If dead, place in vial with cold AFA. Transfer to vials or jars with 
label. Once fixed for several days, specimens can be stored in 70% alcohol. 


Table 21.1 Fixation of Helminths and Parasitic Arthropods 
Parasite Group Fixatives 

Cestoda (tapeworms) AFA 

Digenea (flukes) AFA 
Acanthocephala (thorny-head AFA 


worms) 


If alive, relax in tap water at 4°C for 48 hours or more to evert proboscis, then fix 
with cold AFA. If dead, place in vial with cold AFA. Prick specimens with fine 


insect pins avoiding internal structures. Free attached acanthocephalans from 
tissues gently using two forceps to tear host tissues around proboscis. Transfer to 
vials or jars with label. Once fixed for several days, specimens can be stored in 


70% alcohol. 
Nematoda (roundworms) 10% glycerine 


alcohol 


If head is attached to tissue or encapsulated, liberate with forceps as per 
acanthocephalans. If specimens are entangled, relax in cold saline at 4°C for an 


hour or so. Nematodes are fragile—avoid handling with sharp tools. If alive or 
dead, fix with hot, steaming (not boiling) 10% glycerine alcohol, which can be 
used to store specimens in vials or jars with label. 


Parasitic Arthropoda (mites, lice, 70% alcohol 


parasitic crustaceans) 


Specimens may be attached to skin or tissue—liberate with forceps as per 
acanthocephalans or fix attached to tissue. Fix in cold 70% alcohol and store in 


jar or vial with label. 
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Some parasitologists may prefer different fixatives and 
should be consulted prior to undertaking parasitological work. 
An examination of the parasitological literature can identify 
taxonomists with expertise in specific parasite taxa to assist 
in identifications. Some helminths are stained and cleared 
after fixation for morphological study (refer to parasitologi- 
cal laboratory manuals for details). Intact specimens when- 
ever possible should be collected. However, some parasites 
are difficult to remove intact Ge., Crassicauda). Important 
taxonomic characters in cestodes include the scolex, imma- 
ture and mature proglottids, and in nematodes, the cephalic 
and caudal extremities. A number of excellent parasitologi- 
cal laboratory manuals are also helpful for nonspecialists 
(Pritchard and Kruse 1982; Ash and Orihel 1987). Also refer to 
useful guides on performing necropsies on marine mammals 
(Kuiken and Hartmann 1991; Geraci and Lounsbury 2005; 
Pugliares et al. 2007; see Chapter 13). 

Fixation of some parasitic specimens in situ for histo- 
pathologic study is useful in interpretation of parasitic lesions. 
Preserving duplicate specimens for molecular Ge., DNA) 
analyses and scanning or transmission electron microscopy 
is useful for phylogenetic, morphological, or ultrastructural 
study. Morphologic and molecular descriptions of parasites 
can be complementary; one method may not necessarily 
resolve identifications or phylogenetic affinities G.e., Nadler et 
al. 2013; Jabbar, Beveridge, and Bryant 2015). Voucher speci- 
mens and type material of new species should be deposited 
in recognized parasite museum collections and molecular 
sequences deposited in gene banks for future study. 

Poorly preserved, unlabeled specimens or specimens 
without data are of little use and may preclude identifications. 
Information on the marine mammal host (e.g., geographic 
location or coordinates where host or carcass is collected or 
found, condition of carcass, date, sex, age, etc.), parasite loca- 
tion or site in host (organ or tissue), and gross observations 
(i.e., attached, encapsulated, or free in tissue, description of 
lesions) are important in identifying and documenting effects 
of parasites. Important parasite data include the stage of the 
parasite Clarva, adult, sex, gravid) and size and number of 
parasites present. In general, adult or mature specimens are 
required for specific identification to species, whereas eggs, 
larvae, or immature stages may only be identified to the fam- 
ily or genus. Identification of parasite eggs and most larvae in 
feces or other material to the species level can be problem- 
atic, particularly in abnormal hosts (Mateu, Raga, and Aznar 
2011; Aznar et al. 2012; Bando et al. 2014). Fecal analyses, 
while noninvasive, can also be misleading as infections can 
be underestimated or missed entirely. Subtle differences in 
morphology, measurement errors, artifacts of fixation, or use 
of different fixatives for eggs or larvae can lead to errors in 
identification. 

Simple observational terms to describe infections (of 
internal or endoparasites) and infestations (of external or 
ectoparasites) include prevalence (calculated as the number 
of hosts infected divided by the number of hosts examined, 


Parasitological terms used in the following sections with 
respect to life cycles are defined as follows: 


Host — an animal that is infected with a parasite. 

Definitive or final host — an infected animal in 
which a parasite matures sexually, producing 
eggs or larvae. 

Intermediate host — a host in which some develop- 
ment of the parasite occurs and is required for 
transmission to the final host. 

Paratenic or transport host — a host in which devel- 
opment does not usually occur, but functions to 
transport larval stages, usually through the food 
chain, to the final host, often required to bridge 
an ecological gap. 

Monoxenous life cycle — infection of the final host 
is direct (no intermediate or paratenic hosts 
required, such as lice, mites, etc.). 

Heteroxenous life cycle — infection of the final host is 
indirect-an intermediate host (sometimes includ- 
ing a paratenic host) is required in the life cycle 
(i.e., Anisakis). 

Horizontal transmission — transmission of a par- 
asite from an unrelated individual animal to 
another, either directly or indirectly Ge., lice, 
Diphyllobothrium). 

Vertical transmission — transmission of a parasite 
from parent to offspring via direct physical con- 
tact, transplacental (in utero), or transmammary 
via milk (.e., lice, hookworms, Halocercus 
lagenorhynchi). 


commonly expressed as a percentage); intensity of infection 
or infestation (the number of individuals of a particular para- 
site species found in an individual host); and mean intensity 
(average intensity of a particular parasite species found in 
infected hosts of a particular species; also see Bush et al. 1997 
for other terms and definitions). Representative, random sub- 
sampling may be required with high intensity infections or 
infestations. Quantifying the intensity of parasitic infections 
or infestations (avoid vague terms such as burden, load, level, 
charge, degree, or extent) is important when assessing lesions 
in order to evaluate the effect on host health. 


Treatment 


Marine mammals in captivity or under rehabilitation may be 
treated if infections are severe, as determined clinically using 
blood analyses, repeated fecal flotation, swabbing or rinsing 
of airways, endoscopy (Piché et al. 2010), or antigenic tests; 
but, clinicians should be aware of possible cross-reactions 
(Krucik, Van Bonn, and Johnson 2016). The clinician, in 
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choosing an anthelminthic treatment, must consider drug 
resistance, dosage, duration, route of administration, and 
negative side effects (toxicity, coinfections) on some marine 
mammal species, given immune, nutritional, species-specific 
sensitivity, and overall health status. Anthelminthics are cho- 
sen based on the helminth infection present. For example, 
praziquantel is effective against cestodes and digeneans, and 
fendendazole and ivermectin against nematodes. Ivermectin 
is effective against some ectoparasites, lungworms, and 
Uncinaria (Vercruysse et al. 2003; DeLong et al. 2009). Drug 
clearance intervals should be respected before treated and 
rehabilitated animals are released back into the wild, since 
some species may be hunted and consumed by people. This 
is also important to avoid environmental contamination and 
development of drug-resistant parasites, as well. Transmission 
of parasites in captive animals can be prevented by control- 
ling local infected intermediate or paratenic hosts in animal 
enclosures and by providing food free of parasites. Refer to 
Chapter 27 for recommended drugs and their uses and pre- 
cautions, paying particular attention to side effects, especially 
the lethal effects of levamisole. 


Digenea 


Digeneans or digenetic trematodes (monogeneans are absent 
from marine mammals), commonly called flukes, are found 
in a variety of tissues in marine mammals (Table 21.2). In 
their hosts, they may cause from little to severe tissue damage 
and, in some cases, death. Sites of infection include the diges- 
tive system and, more commonly, the liver, pancreas, and 
associated ducts, and also the oral cavity, stomach, intestine, 
and cecum. In addition, some digeneans inhabit the respira- 
tory system, lungs, cranial sinuses, nasal cavities, Eustachian 
tube, and middle ear, with aberrant migrating worms some- 
times invading the cerebral hemispheres, often with fatal 
consequences (Fauquier et al. 2004; Bonar et al. 2007). Life 
cycles of marine digeneans are poorly known, but likely all 
are heteroxenous involving mollusks and fish as intermedi- 
ate or paratenic hosts, which facilitate transfer to final hosts 
(Shoop 1988; Gibson 2002). No digeneans have been reported 
in polar bears (Ursus maritimus). 


Sirenia 
In sirenians, most digeneans—which are particularly diverse 
in this host group—are innocuous, especially those in the 
digestive system, except those that form abscesses, such 
as Lankatrema, Moniligerum, Labicola, and Faredifex, and 
cause fibrotic nodules and secondary bacterial infections 
(Crusz and Fernand 1954; Blair 1979, 1981; Dailey, Vogelbein, 
and Forrester 1988). Nudacotyle can cause severe hemor- 
trhagic enteritis (Beck and Forrester 1988). Pulmonicola 
(=Cochleotrema) in the lungs and nasal cavities can cause 
verminous pneumonia and death in Florida manatees 


(Trichechus manatus latrirostris; Buergelt et al. 1984; Beck 
and Forrester 1988). Opisthotrema stimulates fibrinopurulent 
exudation in the nasal cavity and Eustachian tube of dugongs 
(Dugong dugon), leading to bacterial infections (Budiarso 
et al. 1979), 


Sea Otters 


The majority of digeneans in the sea otter (Enhydra lutris) 
are captures from other hosts, notably pinnipeds and marine 
birds. Orthosplanchnus fraterculus, which more commonly 
infects pinnipeds, is reported to cause irritation, necrosis, 
and fibrotic nodules in the gall bladder of infected sea otters, 
but is usually not considered highly pathogenic. Microphallus 
pirum is pathogenic when present in high intensities due 
to mechanical damage. Mayer, Dailey, and Miller (2003) 
reported high numbers of M. pirum in California sea otters 
and indicated that these digeneans likely exacerbated the 
pathogenic effects of coinfections of acanthocephalans (see 
below). Microphallids typically use aquatic birds as final hosts. 
Additionally, nutritionally stressed sea otters (such as those 
inhabiting suboptimum habitats due to intraspecific competi- 
tion) may be more susceptible to disease. Alternatively, envi- 
ronmental changes may favor transmission of digeneans from 
aquatic birds to crustacean intermediate hosts that are con- 
sumed by sea otters in some areas (Estes et al. 2003; Mayer, 
Dailey, and Miller 2003). 


Pinnipeds 


Digeneans in pinnipeds are confined to the gastrointestinal 
tract, liver, gall bladder, pancreas, and associated ducts. Some 
genera such as Microphallus and Apophallus are primarily 
parasites of aquatic birds and are acquired by pinnipeds feed- 
ing on infected aquatic invertebrates or fish. Such infections 
only rarely produce lesions, unless the animal’s immune sta- 
tus is compromised and intensities are particularly high. In 
such cases, the intestinal epithelium may be denuded, lead- 
ing to necrosis, hyperanemia, and hyperplasia (Rausch and 
Fay 1966). Intensities of Ascotyle (=Phagicola) longa in the 
intestines of South American sea lions (Otaria flavescens) 
can exceed 200,000 (pathologic lesions not reported; Pereira 
et al. 2013). Ascotyle longa infects birds and mammals, uses 
gastropods and fish as intermediate hosts, and is zoonotic. 
Pathologic lesions due to digeneans in the liver, gall blad- 
der, bile duct, pancreas, and pancreatic ducts can be severe. 
Biliary fibrosis, sometimes associated with bacterial infec- 
tions, hepatitis, pericholangitis, and pancreatitis are reported 
(Stroud and Dailey 1978; Bishop 1979; Lauckner 1985). High 
numbers of Orthosplanchnus arcticus have been observed in 
the liver of a ringed seal (Phoca hispida, Measures, unpubl. 
data). Unusual infections, captured from birds, include 
Philophthalmus zalophi in the eye of the Galapagos sea lion 
(Zalophus wollebaeki) and cause conjunctivitis in some ani- 
mals (Dailey, Ellin, and Paras 2005). 
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Table 21.2 Helminth and Parasitic Arthropods Reported in Marine Mammals 


Helminth Host Range Site 


Trematodes: Digenea: 
Brachycladidae (=Campulidae) 


Brachycladium (=Lecithodesmus) Odontoceti Liver (bile ducts), pancreatic ducts 
Zalophotrema Pinnipedia Liver (bile ducts), pancreatic ducts, gall bladder 
Orthosplanchnus Pinnipedia, sea otter Liver (bile ducts), pancreatic ducts 
Campula Odontoceti Liver (bile ducts), pancreatic ducts 
Odhneriella Pinnipedia Liver (bile ducts), pancreatic ducts 
Synthesium (=Hadwenius, Leucasiella) Odontoceti Intestine 
Hunterotrema Odontoceti Lungs, cerebrum 
Oschmarinella Odontoceti Liver (bile ducts), pancreatic ducts 
Cetitrema Odontoceti Liver (bile ducts) 
Nasitrema Odontoceti Cranial sinuses 
Cladorchiidae 
Chiorchis Sirenia Cecum, colon, stomach, intestine 
Solenorchis (=Indosolenorchis) Sirenia Cecum 
Zygocotylidae 
Zygocotyle Sirenia Cecum 
Opisthotrematidae 
Opisthotrema Sirenia Middle ear, Eustachian tube, esophagus 
Lankatrema Sirenia Stomach, intestine 
Pulmonicola (=Cochleotrema) Sirenia Lungs, nasal cavities 
Lankatrematoides Sirenia Pancreatic ducts 
Folitrema Sirenia Liver (bile ducts), gall bladder 
Moniligerum Sirenia Intestine 
Rhabdiopoeidae 
Rhabdiopoeus Sirenia Intestine 
Taprobanella Sirenia Stomach, intestine, cecum 
Haerator Sirenia Intestine 
Faredifex Sirenia Intestine 
Opisthorchiidae 
Opisthorchis Pinnipedia, Cetacea Liver (bile ducts) 
Pseudamphistomum Pinnipedia Liver (bile ducts) 
Delphinicola Odontoceti Liver (bile ducts) 
Amphimerus Odontoceti Liver (bile ducts) 
Metorchis Pinnipedia Liver (bile ducts), gall bladder 
Microphallidae 
Microphallus Pinnipedia, sea otter Intestine 
Maritrema Pinnipedia Intestine 
Heterophyidae 
Apophallus (=Pricetrema, Rossicotrema) Pinnipedia Intestine 
Cryptocotyle Pinnipedia Intestine 
Phocitrema Pinnipedia, sea otter Intestine 
Ascocotyle (=Phagicola, Parascotyle) Pinnipedia Intestine 
Pholeter Odontoceti Stomach 
Pygidiopsis Pinnipedia Intestine 
Galactosomum Pinnipedia Intestine 
Heterophyopsis Hawaiian monk seal Intestine 
Philophthamidae 
Philophthalmus Galapagos sea lion Eye 


(Continued) 
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Table 21.2 (Continued) Helminth and Parasitic Arthropods Reported in Marine Mammals 


Helminth 

Echinostomatidae 
Echinochasmus 
Stephanoprora (=Mesorchis) 

Nocotylidae 
Ogmogaster 

Brauninidae 
Braunina 

Nudacotylidae 
Nudacotyle 

Labicolidae 
Labicola 

Cestoda: 

Diphyllobothriidae 
Diphyllobothrium (=Pyramicocephalus, 
Flexobothrium, Adenocephalus, Cordicephalus) 
Baylisiella 
Diplogonoporus 
Multiductus 
Baylisia 
Plicobothrium 
Hexagonoporus 
Glandicephalus 

Phyllobothriidae 
Phyllobothrium 
Monorygma 


Tetrabothriidae 
Anophryocephalus 
Tetrabothrius 
Priapocephalus 
Strobilocephalus 
Trigonocotyle 

Lecanicephalidae 
Polypocephalus 

Acanthocephala: 

Polymorphidae 
Corynosoma 


Bolbosoma 
Nematoda: 
Ascaridoidea 
Anisakidae 

Anisakis 

Pseudoterranova 

Contracaecum 

Phocascaris 

Heterocheilus 

Paradujardinia 
Habronematoidea 
Tetrameridae 
Crassicauda 


Host Range 


Pinnipedia 
Pinnipedia 


Mysticeti, Pinnipedia 
Odontoceti 

Sirenia 

Sirenia 


Pinnipedia, Cetacea, 
polar bear, sea otter 


Elephant seal 
Cetacea, sea otter 
Sperm whale 
Crabeater seal 
Cetacea 

Sperm whale 
Pinnipedia 


Pinnipedia, Cetacea 
Cetacea 


Pinnipedia 
Cetacea 
Cetacea 
Odontoceti 
Odontoceti 


Pinnipedia 


Pinnipedia, Cetacea, 
sea otter 
Cetacea, Pinnipedia 


Cetacea 

Pinnipedia 
Pinnipedia, Cetacea 
Pinnipedia 

Sirenia 

Sirenia 


Cetacea 


Site 


Intestine 
Intestine 


Intestine 
Stomach 
Intestine 
Upper lip of mouth 


Intestine, stomach 


Intestine 
Intestine 
Intestine 
Intestine 
Intestine 
Intestine 
Intestine 


Larvae in blubber; final host—elasmobranches 
Larvae in abdominal cavity; final 
host—elasmobranches 


Intestine 
Intestine 
Intestine 
Intestine 
Intestine 


Larvae in tissue?; final host—elasmobranches 


Intestine 


Intestine 


Stomach (usually first chamber) 
Stomach 
Stomach 
Intestine 
Stomach 
Stomach 


Kidneys, ureter, mammary glands, fascia, cranial 
and ear sinuses 
(Continued) 
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Table 21.2 (Continued) Helminth and Parasitic Arthropods Reported in Marine Mammals 


Helminth 


Placentonema 
Filarioidea 
Onchoceridae 

Acanthocheilonema 
Ancylostomatoidea 
Ancylostomatidae 

Uncinaria (Uncinaria) 
Metastrongyloidea 
Filaroididae 

Filaroides (Parafilaroides) 
Crenosomatidae 

Otostrongylus 
Pseudaliidae 

Pseudalius 

Torynurus 

Pharurus 

Stenurus 

Pseudostenurus 

Skrjabinalius 

Halocercus 
Trichinelloidea 

Trichinella 


Arthropoda: 
Halarachnidae 
Halarachne 
Orthohalarachne 
Sarcoptidae 
Sarcoptes 
Anoplura: 
Echinophthiriidae 
Echinophthirius 
Proechinophthirus 
Antarctophthirus 


Lepidophthirus 
Crustacea: 
Amphipoda 
Cyamidae 

Cyamus 

Isocyamus 

Neocyamus 

Orcinocyamus 

Platycamus 

Syncyamus 

Scutocyamus 
Cirripedia 

Chelonibia 

Platylepas 

Balanus 

Lepas 


Host Range 
Cetacea 


Pinnipedia 


Pinnipedia 


Pinnipedia 
Pinnipedia 


Cetacea 
Cetacea 
Cetacea 
Cetacea 
Cetacea 
Cetacea 
Cetacea 


Pinnipedia, Cetacea, 
Ursidae 

Pinnipedia, sea otters 

Pinnipedia 

Pinnipedia 

Pinnipedia (Phocidae) 


Pinnipedia (Otariidae) 
Pinnipedia (Otariidae, 


Obobenidae, Phocidae) 


Pinnipedia (Phocidae) 


Cetacea 
Cetacea 
Cetacea 
Cetacea 
Cetacea 
Cetacea 
Cetacea 


Cetacea, Sirenia 
Cetacea, Sirenia 
Cetacea, Sirenia 
Cetacea 


Site 


Placenta, mammary gland, subdermis 


Heart, lungs 


Intestine 


Lungs, heart 
Lungs, heart, liver 


Lungs, circulatory system 
Lungs, cranial and ear sinuses 
Cranial and ear sinuses 
Lungs, cranial and ear sinuses 
Lungs, cranial and ear sinuses 
Lungs 

Lungs 


Muscle 


Nasal or nasopharynx 


Nasopharynx, lungs (trachea, bronchi) 


Skin 


Skin 
Skin 
Skin 


Skin 


Skin 
Skin 
Skin 
Skin 
Skin 
Skin 
Skin 


Skin 
Skin 
Skin 
Skin 
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Table 21.2 (Continued) 


Helminth and Parasitic Arthropods Reported in Marine Mammals 


Helminth Host Range Site 
Cirripedia 
Xenobalanus Cetacea Skin 
Conchoderma Cetacea Skin 
Coronula Cetacea Skin 
Copepoda 
Pennellidae 
Pennella Cetacea Skin 
Balaenophilidae 
Balaenophilus Cetacea, Mysticetes Baleen 


Cetacea 


Cetaceans have digeneans inhabiting the same tissue sites as 
in pinnipeds, with minor inflammatory lesions reported for 
those in the digestive system. Braunina and Pholeter stimu- 
late tissue encapsulation in the stomach wall of odontocetes, 
leading to submucosal fibrotic nodules of various severities, 
yet only rarely cause peritonitis (Aznar et al. 2006; Jaber et 
al. 2006) or are of no pathological significance (Marigo et 
al. 2010). St. Lawrence Estuary (SLE) beluga (Delphinapterus 
leucas) are infected with Synthesium (=Hadwenius) sey- 
mouri in the small intestine, and lesions were not significant 
(Martineau et al. 1988; Measures et al. 1995; Marigo et al. 
2008; Lair, Measures, and Martineau 2016). Digenean infec- 
tions of the liver, pancreas, and hepatopancreatic duct in ceta- 
ceans can cause chronic cholangitis, chronic hepatitis, and 
fibrosis, with subsequent weight loss and secondary bacte- 
rial infections, including chronic infection of the pancreatic 
ducts and pancreatitis (Migaki, Van Dyke, and Hubbard 1971; 
Dailey and Stroud 1978; Cornaglia et al. 2000; Siebert et al. 
2001; Jauniaux et al. 2002). Biliary cirrhosis in a stranded 
striped dolphin (Stenella coeruleoalba) and stranded harbor 
porpoises (Phocoena phocoena) was described in associa- 
tion with a massive infection of Campula spp. (intensity not 
reported)—livers contained nodules affecting one-third to 
one-half of the organ with partial obstruction of the common 
hepatic duct (Jaber et al. 2013). Geraci and St. Aubin (1986) 
considered severe pancreatic fibrosis in a harbor porpoise 
capable of compromising digestive and endocrine function. A 
female beluga died less than 3 months post-importation from 
Russia (Sea of Okhotsk) at an amusement park in Ontario due 
to liver failure caused by parasites (D. Lodde, St. Catherine 
Standard, February 23, 2000). These parasites were likely 
Oschmarinella albamarina (=Orthosplanchnus albamari- 
nus)—the stress of capture, transport, and confinement may 
have played a contributory role in the death of this animal. 
Two digenean genera (Nasitrema, Hunterotrema) in 
small odontocetes infect the cranial sinuses and lungs, 
respectively, causing mild to severe inflammation, fibrosis, 
physical obstruction of passageways, and impairment of bal- 
ance if worms invade the brain (Woodard et al. 1969; Dailey 
1985). Nasitrema can migrate into various tissues Gncluding 


the brain) by following the staticoacoustic nerve from the 
middle ear, which connects with cranial sinuses. Worms 
may burrow into the brain causing hemorrhage, necrosis, 
encephalitis, eighth cranial neuropathy, and disequilib- 
rium. The Eustachian tube may be blocked with worms, 
and abscesses may be caused by aberrant migrations to the 
lungs (Cowan, Walker, and Brownell 1986). This parasite 
is associated with many strandings of small odontocetes 
(Neiland, Rice, and Holden 1970; Ridgway and Dailey 1972; 
Dailey and Ridgway 1976, Dailey and Walker 1978; Walker 
and Cowan 1981; Morimitsu et al. 1987, 1992; Degollada et 
al. 2002; Ebert and Valente 2013). However, Cowan, Walker, 
and Brownell (1986) suggested that other complicating fac- 
tors may disrupt the host—parasite relationship, since many 
clinically normal odontocetes have Nasitrema, which do not 
migrate into the brain. O’Shea et al. (991) reported enceph- 
alitis associated with Nasitrema infection in a striped dol- 
phin Gtenella coeruleoalba), which subsequently developed 
pneumonia due to Vibrio infection. They considered both 
infections as contributing to the cause of death and strand- 
ing of this dolphin. 


Cestoda 


Cestodes, commonly called tapeworms, are confined to the 
intestine of marine mammals, with the exception of the gen- 
era Phyllobothrium, Monorygma, and Polypocephalus, which 
occur as larvae in the abdominal cavity, on visceral or pari- 
etal peritoneum of the intestinal tract, mesenteries, abdominal 
wall, testes, ovary, or in the blubber or fascia of marine mam- 
mals, which are intermediate or paratenic hosts, with elasmo- 
branchs as definitive hosts (Aznar et al. 2007). Phyllobothrium 
and Monorygma larvae stimulate localized inflammatory 
responses with fibrous encapsulation, but Monorygma can 
produce a more suppurative reaction (de Norman 1997). 
Diphyllobothriidae and Tetrabothriidae occur as adults in 
marine mammals, principally in pinnipeds and cetaceans 
(Table 21.2). Polar bears are not infected in the wild with 
cestodes (Rogers and Rogers 1976). Sea otters are infected 
with Diphyllobothrium and Diplogonoporus but with no 
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reported associated pathologies. Cestode life cycles in marine 
mammals are poorly known; but crustaceans, squid, and fish 
are likely intermediate or paratenic hosts (Mackiewicz 1988), 
and several species of Diphyllobothrium and Diplogonoporus 
are zoonotic (Scholz and Kuchta 2016). 

Effects of cestodes on their hosts are generally mild 
to insignificant (Jaber et al. 2006; Septilveda et al. 2015), 
perhaps due to their location in the intestine (Mackiewicz 
1988), but, when present in large numbers, may include 
mechanical obstruction of the intestinal lumen and localized 
inflammatory reactions (especially where scolices attach to 
the intestinal mucosa by suckers, spines, or hooks), and, in 
extreme cases, can lead to debilitation and death (Clausen 
1978; Lauckner 1985; Dailey 1985). Reif et al. (2006) found 
an association between infections with Diphyllobothrium 
spp. Gdentification based on eggs in feces) in the Hawaiian 
monk seal (Monachus schauinslandi) and measurements of 
growth in seals less than 2 years of age. Severe intestinal 
infections by Diphyllobothrium sp. were observed in SLE 
beluga (Measures et al. 1995). In two cases, Diphyllobothrium 
sp. distended the intestine with bolus-like masses of worms. 
In a young, emaciated adult female beluga, the bolus was 
6 to 12 cm in diameter, weighed 1.1 kg, and contained ces- 
todes up to 6 m long—death was attributed to verminous 
bronchopneumonia (Lair, Measures, and Martineau 2016), 
but the severe cestode infection (no inflammatory reaction 
was described) as well as chronic hepatitis may have been 
contributory. De Guise et al. 1995) reported mild, subacute 
enteritis in the proximal intestine of another beluga infected 
with Diphyllobotbrium in a bolus 6 to 7 cm in diameter 
partially obstructing the lumen; scoleces were not attached. 
Cestodes can live for hours after the death of the host and 
migrate postmortem, causing intestinal distention due to 
large numbers of worms. 

Clinical signs observed in captive pinnipeds infected with 
cestodes included diarrhea, anorexia, emaciation, and perni- 
cious anemia due to possible vitamin B12 depletion (Wallach 
1972). Strobilocephalus triangularis anchors its scolex in the 
intestinal wall of dolphins, producing fibrotic, necrotic cap- 
sules, which can cause obstructions (Dailey and Perrin 1973; 
Dailey and Stroud 1978; Dailey 1985). Two aberrant infections 
of Taenia solium (hich is an intestinal parasite of humans) 
were reported in the Mediterranean monk seal (Wonachus 
monachus) and South African fur seal (Arctocephalus pusillus). 
In the fur seal, larval cysts (cysticerci) were found in vari- 
ous tissues, including the brain; and tissue damage in the 
brain was responsible for convulsions observed prior to death 
(De Graaf et al. 1980). It was suggested that seals become 
infected from ingesting eggs in human sewage or in fish con- 
taminated with eggs from human sewage. A single immature 
specimen of Anoplocephala sp. in the intestine of one Florida 
manatee was likely an accidental infection, since horses are 
among the known hosts (Forrester 1992; Khalil, Jones, and 
Bray 1994). 


Acanthocephala 


Acanthocephalans, commonly called thorny-headed worms, 
are found in the intestine of marine mammals and include 
two genera, Bolbosoma predominantly in cetaceans and 
Corynosoma (predominantly) in pinnipeds (Table 21.2). Life 
cycles of acanthocephalans are poorly known, but involve 
crustaceans (Amphipoda, Isopoda, Copepoda, and Ostracoda) 
and fish as intermediate or paratenic hosts (Amin 1998). 

Effects on hosts are generally minimal, but can be severe 
depending on the intensity of infection, host immune status, 
and the degree of invasiveness of the proboscis, which is 
armed with rows of hooks. Bo/bosoma penetrates the intesti- 
nal mucosa with its proboscis and bulbose trunk (armed with 
spines), and this deep invasiveness is often more pathogenic 
than Corynosoma, which only introduces the proboscis. For 
example, intestinal villi were damaged due to C. strumosum 
with hemorrhage and necrosis of the mucosa and submu- 
cosa leading to a host (Caspian seal, Pusa caspica) encap- 
sulation response (Amin et al. 2011). If the intestinal serosa 
is breached, infections can lead to peritonitis, and, in some 
cases, death. Bolbosoma capitatum caused intestinal constric- 
tion, hemorrhagic enteritis, serositis, and severe anemia, which 
led to mortality of false killer whales (Pseudorca crassidens) 
off Japan (Kikuchi and Nakajima 1993). Laws (1953, as cited 
in O’Neill and Whelan 2002) reported a southern elephant 
seal (Mirounga leonina) with an obstructive intestinal tumor 
apparently induced by C. strumosum. 

In general, both acanthocephalan genera cause focal 
inflammation and fibrosis at the point of attachment, with 
occasional ulceration, formation of abscesses, and second- 
ary bacterial infections. Intestinal perforations and associ- 
ated pathologic lesions seem to occur in aberrant, debilitated, 
or immune compromised hosts. For example, a stranded, 
starving gray whale (Eschrichtius robustus) had numerous 
abscesses due to B. balanae (Dailey et al. 2000). Malnutrition 
can interfere with host defense mechanisms against patho- 
gen invasion and propagation (Ullrey 1993; Solomons and 
Scott 1994). Corynosoma enhydri, which is restricted to sea 
otters and occurs in high intensities of infection, penetrates 
the intestinal mucosa only slightly causing little inflamma- 
tion (Thomas and Cole 1996, Hennessy and Morejohn 1977; 
Mayer, Dailey, and Miller 2003). This likely reflects a well- 
adapted host—parasite relationship. In contrast, three species 
of Profilicollis (=Polymorphus), acanthocephalans with a large 
bulbose proboscis and which normally parasitize marine 
birds, infect stranded sea otters in California and can cause 
mortality (Thomas and Cole 1996; Mayer, Dailey, and Miller 
2003; Kreuder et al. 2003). Deaths were attributed to hemor- 
rhagic enteritis, extraintestinal migration, and severe peritoni- 
tis or associated malnutrition, the latter due to either energetic 
demands required to combat infections, nutrient malabsorp- 
tion, or nutritionally compromised individuals. Kreuder et al. 
(2003) listed acanthocephalans as the primary cause of death 
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or contributed to death of stranded sea otters (all ages), and 
as the primary or contributory cause of death in juvenile 
and subadult sea otters. While the proximate cause of death 
in some sea otters is aberrant acanthocephalan infections, 
Estes et al. (2003) suggested that the ultimate cause of death 
may be increased nutritional stress leading to increased sus- 
ceptibility to infections. No acanthocephalans are reported 
in polar bears. 


Nematoda 


Nematodes, commonly called roundworms, are found in a 
great variety of tissues in marine mammals (Table 21.2). 
Compared to other helminths in marine mammals, they are 
the most diverse, numerous, and deleterious. Tissue reactions 
to nematode infection can be minimal, particularly for those 
species in the gastrointestinal tract; however, some species 
are very pathogenic depending on intensity, location in host 
tissue, and migratory activities. Many nematodes are highly 
host specific, only infecting one species, while others infect 
any marine mammal that comes into contact with infective 
stages. A number of nematodes parasitizing marine mam- 
mals have zoonotic importance, due to human consumption 
of infective stages in invertebrates, fish, or tissues of marine 
mammals. 

Life cycles of nematodes in marine mammals are better 
known (Anderson 1992; 2000), albeit incompletely, compared 
to other helminths. This is mainly because much research has 
been conducted on those species having an effect on fish- 
eries, related to esthetics, economics, and public health (e., 
zoonoses). All nematodes have five stages: four larval stages 
and a fifth stage, which is the adult. There are four molts at 
the end of each larval stage. Fertilized adult female nematodes 
produce eggs in which the first larval stage develops. There 
are many developmental variations in which the larvated egg 
or first-stage larva is infective, or further larval development 
is required in the egg (to the second or third stage) in the 
external environment in order to infect an invertebrate or ver- 
tebrate host. Alternatively, the second or third stage (rarely the 
fourth stage) may require development in intermediate hosts 
in order to be infective to the definitive host. Generally, the 
third stage is infective to the definitive host. Paratenic or trans- 
port hosts are often used to bridge ecological gaps between 
hosts (e.g., fish function as the paratenic host for Anisakis 
since many odontocetes do not consume krill, the intermedi- 
ate hosts in which third-stage larval Anisakis develop, Hays, 
Measures, and Huot 1998). Once in the definitive host, nema- 
todes develop and molt to the fourth and then adult stage, 
and males and females mate to produce eggs, thus complet- 
ing the life cycle. While most nematodes of marine mammals 
use horizontal transmission through the food chain, nema- 
todes such as hookworms, and some lungworms, use vertical 
transmission. 


Trichinella 


Trichinellosis is a serious zoonotic disease caused by species 
of Trichinella (see Chapter 4). There are a number of spe- 
cies worldwide, but Trichinella nativa is the species infect- 
ing marine mammals. It is commonly found in polar bears, 
but has also been reported in walrus (Odobenus rosmarus), 
beluga (Delphinapterus leucas), and seals (see review by 
Forbes 2000). However, Trichinella has not been reported in 
sirenians, sea otters, or cetaceans, other than beluga (Forbes 
2000). 

Transmission is direct—all development occurs in the 
same vertebrate host, which must be eaten by another ver- 
tebrate to transmit infections from host to host. Invertebrates 
(amphipods) and possibly fish may play a role as paratenic 
hosts, but this has not been documented to occur naturally 
(Hulebak 1980). Transplacental or transmammary transmis- 
sion of Trichinella has been documented experimentally in 
other animals, but its role in the epizootiology of trichinel- 
losis in marine mammals is unknown (Shoop 1991; Asbakk 
et al. 2010; Foreyt 2013). 

Adult worms in the intestine produce first-stage larvae, 
which enter the blood stream and “encyst” in striated skel- 
etal muscle cells, becoming infective in about 15 days, where 
they may remain for years before the host is consumed by 
predation, cannibalism, or scavenging. For example, can- 
nibalism is well documented in polar bears (Taylor, Larsen, 
and Schweinsburg 1985), and up to 60% of examined polar 
bears may be infected with Trichinella (Forbes 2000; Rah 
et al. 2005). A serological survey of polar bears on Svalbard 
indicated that 51-78% of polar bears were seropositive to 
Trichinella, with prevalence increasing with age (Asbakk et al. 
2010). 

In the predator or scavenger, larvae “excyst” from muscle 
then develop into adults in the intestine, mate, and produce 
larvae, which encyst in muscle to repeat the cycle. Although 
walrus will scavenge carcasses and will occasionally predate 
seals and other walrus, prevalence of Trichinella in walrus 
appears relatively low, 1-9%, and even lower in seals, <2% 
(Forbes 2000; Seymour et al. 2014). Yet, Gajadhar and Forbes 
(2010) reported a relatively high prevalence of 7! nativa 
infection in Atlantic walrus (40% of 32 individuals) examined 
over a 10-year period in Arctic Canada. Although Inuit tradi- 
tionally cook polar bear meat, which will kill any Trichinella, 
infections of Trichinella may result from consuming raw or 
poorly cooked infected walrus meat (Born, Clausen, and 
Henriksen 1982; MacLean et al. 1989; Rausch, George, and 
Brower 2007). 

A unique adaptation of 7! nativa, unlike T: spiralis in 
pork, is its adaptation to the Arctic and its freezing tempera- 
tures. Frozen meat or carcasses infected with T: nativa remain 
infective for years (Kapel et al. 1999). Encysted larvae in 
decaying flesh also remain infectious depending on humidity 
and temperature (Forbes et al. 2003; Pozio 2016). While infec- 
tions cause severe disease in humans and some animals, even 
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death, little is known about pathogenicity in marine mam- 
mals. Recent research has shown that between 7 and 17 days 
post-infection, presumably during the larval migratory phase 
(from the intestine to the muscle), gray seals (Halichoerus 
grypus) experimentally infected with T: nativa became less 
active, slept more, and lost appetite. Some seals did not eat 
for 10 days after which they returned to normal, presumably 
once larvae were within muscle cells (Kapel et al. 2003). It is 
known that Trichinella, during the early course of infection 
in humans, causes abdominal pain, myalgia (muscle pain), 
and muscle weakness (MacLean et al. 1992; Kociecka 2000). 
Reports of infections of Trichinella larvae in wild beluga 
and seals are rare (Brandly and Rausch 1950; Forbes 2000; 
Isomursu and Kunnasranta 2011). Seal meat from experimen- 
tally infected seals with T nativa was shown to be a human 
health risk (Forbes et al. 2003). According to public health offi- 
cials in Nunavik (Northern Quebec, Canada), a dozen cases 
of trichinellosis occurred recently in two Inuit communities 
apparently from consuming infected seal meat (C. MacKinnon, 
CBC News, March 23, 2016; see Chapter 4). 


Ascaridoids 


The ascaridoids, Anisakis, Pseudoterranova, Contracaecum, 
Phocascaris, Heterocheilus, and Paradujardinia, are well rep- 
resented in marine mammals (Table 21.2). They are found in 
the gastrointestinal tract where they are generally innocuous 
(Stroud and Roff 1979; McClelland 1980; Babin, Raga, and 
Duguy 1994; Abollo et al. 1998), even when present in high 
numbers; nevertheless, severe pathologic lesions are reported 
in some hosts. Anisakis and Pseudoterranova are well stud- 
ied, especially in Canada and the northeast Atlantic (see 
Bowen 1990; Desportes and McClelland 2001; McClelland 
2002), due to their economic importance in commercially 
valuable fish and risk to public health (Couture et al. 2003; 
Measures 2014; Buchmann and Mehrdana 2016). Species of 
Anisakis are parasites of cetaceans, although immature stages 
can often be found in pinnipeds (where they rarely mature). 
Similarly, Pseudoterranova is a parasite of pinnipeds, but 
immature stages can occasionally be found in cetaceans and 
sea otters (where they rarely mature). Contracaecum oscula- 
tum and Phocascaris spp. are parasites of pinnipeds. 

Life cycles of the anisakids, Anisakis, Pseudoterranova, 
and Contracaecum, are complex with horizontal transmission 
using the food chain. Adult female worms in the stomach or 
intestine shed eggs with feces into the marine environment, 
where larvae hatch and are ingested by crustaceans such as 
copepods, amphipods, mysids, and euphausiids, and where 
development to the third infective stage occurs (McClelland 
2002; Measures 2014). Fish serve as paratenic or transport 
hosts, and larvae can survive for years in tissues of fish. 

Anisakis is usually found in the first chamber of the stom- 
ach of cetaceans, whereas Pseudoterranova and Contracaecum 
are found in the stomach, and Phocascaris in the proximal 
small intestine of pinnipeds. Generally, anisakids provoke 


gastric or intestinal ulceration where they attach to the stomach 
or intestinal mucosa causing gastritis or enteritis of little clini- 
cal significance (Kuzmina, Lyons, and Spraker 2014; Sepulveda 
et al. 2015), or provoking intense inflammation and fibrosis 
of clinical significance (Jaber et al. 2006). Pathologic lesions 
due to anisakids in marine mammals are well described (see 
review by Smith 1999). Worms occur in clusters of dozens to 
hundreds, even thousands (Measures et al. 1995), with their 
heads attached deep into the mucosa, around which a raised 
granulomatous lesion or nodule forms. Larvae caused gastric 
gland atrophy and hemorrhage with infiltrates of eosinophils 
and necrotic foci of the mucosa of ringed seals infected with 
Contracaecum osculatum and Pseudoterranova decipens 
(Soltysiak, Simard, and Rokicki 2013). 

Anisakids are known to penetrate the gut mucosa and 
submucosa, causing perforated gastric ulcers and hemor- 
rhagic gastritis (Martineau et al. 1988; De Guise et al. 1995), 
and may enter the peritoneal cavity, causing peritonitis and 
death in extreme cases. Damage to the integrity of the gas- 
trointestinal tract can provide portals of entry for viruses 
(De Guise, Lagacé, and Béland 1994) and bacteria lead- 
ing to secondary infections, when the gut wall is perfo- 
rated (Martineau et al. 1988; Baker and Martin 1992; Lair, 
Measures, and Martineau 2016). It is not known why this 
occurs, but may indicate aberrant, maladapted, malnour- 
ished, or immunocompromised hosts (Greig, Gulland, and 
Kreuder 2005). High intensity infections or worms may sim- 
ply traverse preexisting perforations caused by sharp ingesta 
such as fish bones, spines, or foreign debris such as fish- 
hooks (Brown and Norris 1956). Many reports of severe 
pathologic lesions due to anisakids involve captive animals 
that may be stressed (Smith 1999). In aberrant hosts such as 
the sea otter, P. decipiens (primarily larvae) was associated 
with stomach ulcers, intestinal perforation, and death due to 
peritonitis (Rausch 1953; Fay et al. 1978, cited in Smith 1999). 
Lesions in the pyloric region may cause stenoses, physically 
blocking the movement of food. 

Heterocheilus and Paradujardinia are parasites of sire- 
nians and primarily occur in the lumen and mucosa of the 
stomach, and less frequently the intestine (Beck and Forrester 
1988). Pathologic lesions have not been described, except for 
one heavily infected dugong with Paradujardinia halicoris 
that caused gastritis, with some worms found in the body 
cavity after penetrating the stomach wall (Gohar 1957, cited 
in Smith 1999). Life cycles are unknown, but, as sirenians are 
herbivorous, transmission may be direct by consumption of 
vegetation contaminated with eggs. 

In captive polar bears, intestinal infections of Baylisascaris 
likely result from consumption of small mammal intermediate 
hosts, which invade bear enclosures. 


Spirurids 


Two spirurid nematodes, Crassicauda and Placentonema, 
infect mysticetes and odontocetes (Table 21.2). Crassicauda 
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is found in a variety of tissues and, due to its length (1 to 7 m 
long) and extensive sinuous nature in tissues, is difficult to 
extract intact. Crassicauda is principally found in the uro- 
genital system (kidneys, ureter, urethra), abdominal vascula- 
ture, connective tissue (fascia), muscle close to the blubber, 
mammary glands, and cranial sinuses. Some species appear 
site specific Ge. C. giliakiana in urogenital system), but 
C. grampicola is reported from cranial sinuses and mammary 
glands. The life cycle is unknown, but, as in other spirurids, 
Crassicauda eggs are thick-shelled and larvated when shed. 
Spirurids typically use arthropod intermediate hosts, and in 
the marine environment, crustaceans such as copepods or 
krill may be involved in horizontal transmission (Anderson 
2000). 

Crassicauda boopis is highly pathogenic, but appears 
restricted to the urogenital system and its vasculature, 
mesenteric arteries, and vena cava of balaenopterids 
(Lambertsen 1985, 1986). Worms are up to 2 m long and, 
with intensities up to 35, cause chronic, severe thrombo- 
phlebitis and occlusion of the renal vasculature, leading 
to congestive renal failure (Lambertsen 1986). The worms 
induce large, digitate, fibrous encapsulations that lie within 
the vena cava and hepatic portal vein. Emboli of eggs, lar- 
vae, and necrotic worms are found in various parts of the 
circulatory system and lungs, including airways. Prevalence 
in fin whale (Balaenoptera physalus) populations is 90-95% 
with high intensities in young whales, and, according to 
Lambertsen (1992), C. boopis is responsible for natural mor- 
tality of young fin whales in the North Atlantic. 

Crassicauda grampicola located within mammary glands 
caused parasitic mastitis in mass stranded Atlantic white- 
sided dolphins (Lagenorhychus acutus) in New England, and 
the severity of lesions (fibroplasia, necrosis, inflammation, 
loss of functional tissue) was considered sufficient to compro- 
mise milk production and milk quality with potential effects 
on calf survival and herd productivity (Geraci, Dailey, and St. 
Aubin 1978). Crassicauda grampicola \ocated within ptery- 
goid sinuses of dolphins provokes a purulent sinusitis (Dailey 
and Stroud 1978) and bony erosions due to osteitis (Dailey 
and Perrin 1973; Raga et al. 1982); Crassicauda sp. (likely 
C. grampicola) was associated with basket-like lesions (oste- 
olysis) in the pterygoids as well as alteration of other cranial 
bones of long-beaked common dolphins elphinus capen- 
sis) and bottlenose dolphins (Wursiops truncatus, Pascual, 
Abollo, and Lopez 2000; Van Bressem et al. 2006). Immature 
dolphins often have more extensive lesions, and Crassicauda 
infections can be an important cause of mortality in some 
delphinid populations (Balbuena and Simpkin 2014). Severe 
inflammation and osseous damage may cause strandings and 
mortality in dolphins. Cowan, Walker, and Brownell (1986) 
reported severe infections of Crassicauda around the middle 
ear in dolphins, causing hemorrhage, mucosal ulceration, and 
necrosis, with destruction of the periotic bone and erosion of 
the acoustic nerve. Computed tomography (CT) proved use- 
ful in diagnosing infection with C. grampicola in a stranded 


Risso’s dolphin (Grampus griseus, Zucca et al. 2004). Other 
species, such as C. crassicauda found in the lower urogeni- 
tal tract of rorqual (Balaenopteridae) and bowhead whales 
(Balaena mysticetus), cause less dramatic lesions (Lambertsen 
1986), but, in some cases, the worms form large abscesses 
in the penis (Dailey 1985). Crassicauda sp. in the fascia of 
harbor porpoises is associated with fibrosis, chronic granu- 
lomatous panniculitis, and calcifications (Lehnert et al. 2014). 

Placentonema gigantisma, the largest nematode known 
(9 m long), is located in the uterus and placenta of sperm 
whales (Physeter microcephalus, Gubanov 1951). Pathologic 
lesions are undescribed. Dailey (1985) speculated that this 
parasite may cause stillbirths. Lambertsen (1997) suggested 
that high intensity infections may compromise the sperm 
whale fetus. 


Filarioids 
Acanthocheilonema (=Dipetalonema) spirocauda is a filari- 
oid nematode, commonly called seal heartworm, inhabiting 
the right ventricle of the heart and pulmonary arteries of pin- 
nipeds in the northern hemisphere. Like canine heartworm, 
Dirofilaria immitis, A. spirocauda, in severe infections, can 
cause cardiovascular and pulmonary arterial lesions with 
occlusion of arteries (Lehnert, Raga, and Siebert 2007), and 
verminous emboli may lead to acute pneumonia. The life 
cycle is incompletely known, but is believed to involve an 
ectoparasitic intermediate host, the seal louse Echinophthirius 
horridus, which feeds on the blood of seals. Young larval 
stages (called microfilariae) ingested by lice feeding on the 
blood of an infected seal develop to the third stage in the 
lice, and then are subsequently transmitted to another seal 
during lice blood feeding (Geraci et al. 1981; Lehnert et al. 
2016). In seals, third-stage larvae develop and mature to 
adults, which produce microfilariae that circulate in the blood 
(Lehnert et al. 2016) until ingested by a blood-feeding louse. 
This is similar to canine heartworm, except a mosquito is the 
intermediate host. Transmission between seals occurs when 
infected lice move from an infected seal to an uninfected 
seal, probably during the breeding season (mother to pup) 
or on haul-out sites. This parasite has low host specificity, 
infecting a wide range of phocid seals, mostly immature seals 
(Measures, Gosselin, and Bergeron 1997; Lehnert et al. 2016). 
Otariids have their own filarioid species, A. odendhali, which 
inhabits intermuscular fascia, thoracic, and abdominal cavities 
and apparently is not pathogenic. Microfilaria of A. odendhali 
were observed in 23% of blood smears of stranded California 
sea lions (Zalophus californianus, Krucik, Van Bonn, and 
Johnson 2016) with adult worms in 13-23% of skinned 
pelts from hunted northern fur seals (Callorhbinus ursinus; 
Kuzmina et al. 2013). Canine heartworm infection reported in 
phocids or otariids is often misidentified or is a rare infection 
observed in captive animals in zoological parks or rehabilita- 
tion centers, where mosquitoes transmit infections acquired 
from infected dogs (Kang et al. 2002; Aguirre et al. 2007). For 
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more information on heartworm and seal lice in phocids, see 
the review by Leidenberger, Harding, and Hark6nen (2007). 


Hookworms 


Highly pathogenic hookworms commonly infect the ileum, 
cecum, and proximal colon of otariids, and may play a role 
in regulation of host populations. Four species are described: 
Uncinaria lucasi, U. hamiltoni, U. sanguinis, and U. lyonsi 
(Nadler et al. 2013; Marcus et al. 2014a; Kuzmina and Kuzmin 
2015), although other undescribed species may exist (Castinel 
et al. 2006, 2007; Lyons et al. 2011a; Nadler et al. 2013). 
Uncinaria lucasi kills northern fur seal pups in Alaska, 
although due to declines in the fur seal population includ- 
ing a decline in pup productivity, prevalence of the parasite 
has fallen (Lyons et al. 2000, 2003, 2012; Spraker and Lander 
2010). Where densities of some otariids are high, hookworm 
infection appears density-dependent with high pup mortal- 
ity (in the past, up to 90%), although other factors may be 
involved (Acevedo-Whitehouse et al. 2006, 2009; Marcus, 
Higgins, and Gray 2014b, 2015). Rocky areas are not as favor- 
able to the survival and transmission of hookworm larvae, 
in haul-out areas, where large numbers of otariids come to 
breed, some animals may be displaced to sandy substrates, 
which better favor survival and transmission of hookworms 
(Lyons et al. 2000, 2001). Death of pups by hookworms is due 
to verminous hemorrhagic enteritis and anemia. Hookworms 
may also decrease the early growth rate of otariids (Chilvers 
et al. 2009). A hookworm enteritis/bacteremia complex with 
an unusual occurrence of adult hookworms in the perito- 
neal cavity is described in California sea lions and northern 
fur seals (Spraker et al. 2007; Lyons et al. 2011b). Treatment 
of otariid pups with ivermectin (DeLong et al. 2009) and 
levamisole (Kolevatova et al. 1998, cited in Lyons et al. 2011a) 
reduced mortality and increased growth and survival, but 
such treatment in wild populations is not advisable (Chilvers 
et al. 2009). 

We know much about the life cycle of Uncinaria spp., 
specifically, U. lucasi; this is the most studied species and 
is unique and unusual in that nursing female otariids are 
paratenic hosts and pups are definitive hosts (Shoop 1991). 
These hookworms are well adapted to the biology of their 
marine hosts. Transmission is direct. Pups are infected verti- 
cally, by third-stage larvae in their mother’s milk (ransmam- 
mary transmission). Adult hookworms mature in the intestine 
of pups and release eggs with the feces into the external 
environment. In the external environment, eggs develop and 
third-stage larvae hatch and contaminate rookeries, where 
these larvae penetrate the skin of all ages and both sexes of 
fur seals. Third-stage larvae then remain in the tissues of all 
seals (predominantly the ventral blubber) until seals return 
to rookeries to breed the following year. Larvae can remain 
sequestered in tissues for years (see review by Lyons et al. 
2011a). Third-stage larvae in the tissues of parturient females 
are then passed in the milk to their newborn pups. Male seals 


are dead-end hosts for larvae, and worms only mature in the 
intestines of pups in which infections last 3 months or more. 
In one case, a few adult U. Jucasi were observed in the intes- 
tine of a subadult male northern fur seal (Lyons et al. 2012). 
There are undescribed species of Uncinaria in phocids, such 
as the ringed seal, northern (Wirounga angustrirostris) and 
southern elephant seals QV. leonina), and Mediterranean 
monk seal (see Baylis 1933; Dailey 1975; Lyons et al. 2011a; 
Nadler et al. 2013; Ramos et al. 2013). Given this parasite’s 
biology, it is difficult to see how transmission would occur in 
pagophilic phocid seals such as the ringed seal, which gives 
birth in ice lairs, on seasonally limited ice platforms. 


Lungworms 


Metastrongyloids, commonly called lungworms, are very 
diverse in marine mammals (Table 21.2). As a group, lung- 
worms are significant pathogens, particularly in diving ani- 
mals, and can be highly pathogenic. A common finding during 
marine mammal necropsy is verminous pneumonia (inflam- 
mation of the lungs due to worms) and is often noted as the 
primary and secondary cause of death in stranded marine 
mammals (Colegrove, Greig, and Gulland 2005; Lehnert, Raga, 
and Siebert 2007; Lair, Measures, and Martineau 2016). Despite 
their common name, lungworms may be found in the respira- 
tory, circulatory, and auditory systems, and the cranial sinuses 
of marine mammals. Migration of infective larvae to their final 
tissue location is poorly understood, but the circulatory and 
lymphatic systems are likely involved. Lungworms are not 
reported in mysticetes, sirenians, sea otters, or polar bears. 
Otostrongylus circumiitus is found in the principal air- 
ways of phocids of the northern hemisphere. Occasionally, 
worms are found in the pulmonary artery, right ventricle of 
the heart, lymph nodes, and the liver during migration to the 
lungs. Infections are primarily confined to young seals less 
than 1 year old, although immune-compromised juveniles 
and adults may also be infected (Onderka 1989; Gosselin, 
Measures, and Huot 1998). Young animals may be more sus- 
ceptible due to their poorly developed immune system or 
differences in diet. Protective immunity post-infection may 
explain absence of infections in older seals (Ulrich et al. 
2016). Homozygosity in some seal populations may increase 
susceptibility of young animals to lungworm infections, 
serving as a selective mechanism against inbreeding (Elson- 
Riggins et al. 2001; Rijks et al. 2008). This large bronchial 
worm is believed to influence the health and diving ability 
of seals, subsequently affecting feeding, growth, survival, 
and recruitment (Onderka 1989; Bergeron, Measures, and 
Huot 1997a; Gosselin et al. 1998; Ulrich et al. 2016). Fatal 
infections have been documented in some hosts consid- 
ered maladapted or naive (Gulland et al. 1997; Kelly et al. 
2005). The life cycle of O. circumlitus has recently been 
elucidated (Bergeron, Measures, and Huot 1997b; Measures, 
unpubl. data). Adult females in the lungs are ovoviviparous 
and release first-stage larvae into airways where they are 
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observed in mucus, and later in host feces. Presumably they 
are moved passively up the bronchial escalator by muco- 
ciliary action, swallowed into the stomach, and passed 
with feces into the external environment. In experimen- 
tally infected fish, larvae encapsulate in the intestinal wall 
where they develop to the infective third stage (Bergeron, 
Measures, and Huot 1997b; Measures, unpubl. data). Fish 
are obligate intermediate hosts, and third-stage larvae from 
experimentally infected fish are infective to seals (Measures, 
unpubl. data). Ofostrongylus circumlitus larvae were found 
in experimentally infected fish, but not wild fish, from the 
German North Sea (Lehnert et al. 2010). Migrating O. cir- 
cumlitus larvae may cause hepatic and pulmonary granulo- 
mas with associated vasculitis and thrombosis (Lucas et al. 
2003). Episodes of bleeding may be associated with dissemi- 
nated intravascular coagulation due to lungworm infections 
(Gulland et al. 1997; Lucas et al. 2003). Infections may be 
mild to severe, leading to death in some animals, particu- 
larly among stranded animals. Lehnert, Raga, and Siebert 
(2007) described perforation and rupture of the heart of a 
stranded harbor seal (Phoca vitulina) due to O. circumiitus. 
In some seal populations, prevalence of Ofostrongylus cir- 
cumlitus is increasing and is a major cause of respiratory 
disease in young seals (Colegrove, Greig, and Gulland 2005; 
Siebert et al. 2007; Osinga and ‘t Hart 2010). Bronchitis, 
bronchopneumonia, pulmonary arteritis, multiple throm- 
bosis, areas of pulmonary hemorrhage, and disseminated 
intravascular coagulation are reported. Secondary bacterial 
infections are common, leading to abscess formation and 
septicemia. Otostrongylus circumlitus may affect recruit- 
ment of young seals (Bergeron, Measures, and Huot 1997a; 
Gosselin, Measures, and Huot 1998). 

Species of Parafilaroides are small lungworms found 
coiled in the respiratory parenchyma of pinnipeds (otariids and 
phocids) worldwide (Gosselin and Measures 1997; Measures 
2001; Dailey 2006, 2009; Jabbar, Mohandas, and Gasser 2014). 
They are located throughout the lung, with adults in alveoli 
and small bronchioles; a few may occur in the bronchi, inter- 
lobular septae, and occasionally in pulmonary arteries and 
liver. The life cycle is similar to that of O. circumlitus and 
was elucidated by Dailey (1970). He demonstrated experi- 
mentally that Parafilaroides decorus used a fish interme- 
diate host in which third-stage larvae developed and were 
infective to California sea lions. An experimentally infected 
Steller sea lion (Eumetopias jubatus) died of pneumonia 
due to P. decorus 60 days post-infection (Hill 1971. While 
the fish implicated by Dailey as an intermediate host was 
described as coprophagic, other fish feed on seal and dol- 
phin excretions (Sazima, Sazima, and Silva 2003; Krajewski 
and Sazima 2010). Piscine coprophagy may be more wide- 
spread than currently believed and thus an important mode 
of transmission to intermediate hosts in the marine environ- 
ment. Parafilaroides gymnurus larvae were found in wild 
and experimentally infected fish from the German North Sea 
(Lehnert et al. 2010). 


In general, species of Parafilaroides are reported in 
all age classes of pinnipeds, and prevalence of infection 
increases with age; however, in California sea lions, P. decorus 
was more common in juveniles (Greig, Gulland, and Kreuder 
2005). Pathogenesis of Parafilaroides spp. has not been stud- 
ied. Live adult worms in lung parenchyma appear to stimu- 
late little inflammatory reaction in otherwise healthy animals. 
Pathologic lesions reported in hunted or stranded animals 
include mild inflammation around firm granulomatous nod- 
ules, localized hemorrhage, and abscess formation with 
secondary bacterial infections. Bronchitis, bronchiolitis, bron- 
chiolar obstruction, pulmonary edema, bronchopneumonia, 
and intra-alveolar hemorrhage, sometimes leading to death, 
are reported in some animals (Measures 2000). It is suggested 
that O. circumlitus or Parafilaroides spp. may vector viral 
or bacterial infections such as Brucella (Garner et al. 1997), 
calicivirus (Smith, Skilling, and Brown 1980), or morbillivi- 
rus (Breuer et al. 1988; Munro et al. 1992), but mechanisms 
are unknown and experimental evidence is as yet lacking 
(Perkins and Fenton 2006). 

The pseudaliids include eight genera, seven of which 
are restricted entirely to odontocetes (Table 21.3). They are 
found within the lungs, middle ear, Eustachian tube, and cra- 
nial sinuses. Pseudaliids found in the heart, pulmonary blood 
vessels, blowhole, or trachea are probably migrating to the 
lungs, migrating postmortem, or may indicate aberrant loca- 
tions in poorly adapted hosts (Measures 2001). Some pseu- 
daliids embed their anterior extremity in the parenchyma or 
walls of bronchi or bronchioles (i.e., Stenurus arctomarinus). 
Others coil their body within parenchyma, leaving only the 
posterior extremity free in airways (i.e., Halocercus kleinen- 
bergi), and some intertwine their anterior extremities in the 
parenchyma forming complex knots that become encapsu- 
lated by host tissue @e., Skrjabinalius spp.). 

Little is known of the life history of any of the pseu- 
daliids. Recently, Houde, Measures, and Huot (2003a), in 
the first experimental study of a pseudaliid, showed that 
Pharurus pallasti of the cranial sinuses of beluga probably 
use fish as paratenic or intermediate hosts. Larval pseudali- 
ids belonging to three species that infect harbor porpoise 
were found in wild fish from the German North Sea (Lehnert 
et al. 2010). Some pseudaliids are clearly acquired postlacta- 
tion when calves begin to feed on invertebrate and vertebrate 
prey (Faulkner, Measures, and Huot 1998; Houde, Measures, 
and Huot 2003b), indicating horizontal transmission through 
the food chain. Vertical transmission (transplacental or trans- 
mammary) occurs with some pseudaliids (Dailey et al. 1991). 
Transplacental or transmammary transmission may be an 
incipient characteristic of the genus Halocercus, albeit hori- 
zontal transmission may be more important. There are many 
reports of Halocercus or other pseudaliids in neonatal odon- 
tocetes (Woodward et al. 1969; Moser and Rhinehart 1993; 
Gibson et al. 1998; Parsons, Bossart, and Kinshita 1999, 
Jepson et al. 2000; Parsons and Jefferson 2000; Parsons, 
Overstreet, and Jefferson 2001; Slob et al. 2001; Lehnert, Raga, 
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Table 21.3 Pseudaliid Lungworms (Metastrongyloidea) in Odontoceti 


Species 

Pseudalius inflexus (Rudolphi, 1808) 
Torynurus convolutus (Kuhn, 1829) 
Torynurus dalli (Yamaguti, 1951) 
Pharurus alatus (Leukart, 1848) 
Pharurus pallasii (van Beneden, 1870) 
Pharurus asiaorientalis 

Stenurus minor (Kuhn, 1829) 
Stenurus globicephalae 

Stenurus arctomarinus 

Stenurus ovatus (Linstow, 1910) 
Stenurus auditivus 

Stenurus truei 

Stenurus australis 

Stenurus nanjingensis 

Stenurus yamaguti 
Pseudostenurus sunameri 
Skrjabinalius cryptocephalus 
Skrjabinalius guevarai 

Halocercus delphini 

Halocercus taurica 

Halocercus invaginatus (Quekett, 1841) 
Halocercus monoceris 
Halocercus lagenorhynchi 
Halocercus brasiliensis 
Halocercus dalli 

Halocercus pingi 

Halocercus sunameri 

Halocercus kirbyi 

Halocercus kleinenbergi 
Halocercus hyperoodoni 


Schneider, 1866 

Baylis and Daubney, 1925 
Delyamure, 1972 

Stiles and Hassall, 1905 

Arnold and Gaskin, 1975 

Petter and Pilleri, 1982 

Baylis and Daubney, 1925 

Baylis and Daubney, 1925 
Delyamure and Kleinenberg, 1958 
Baylis and Daubney, 1925 

Hsu and Hoeppli, 1933 

Machida, 1974 

Sarmiento and Tantalean, 1991 
Tao, 1983 

Kuramochi, Araki and Machida, 1990 
Yamaguti, 1951 

Delyamure in Skrjabin, 1942 
Gallego and Selva, 1979 

Baylis and Daubney, 1925 
Delyamure in Skrjabin, 1942 
Dougherty 1943 

Webster, Neufeld and Macneill, 1973 
Baylis and Daubney, 1925 

Lins de Almeida, 1933 

Yamaguti, 1951 

Wu, 1929 

Yamaguti, 1951 

Dougherty, 1944 

Delyamure, 1951 

(Gubanov, 1952) Anderson, 1978 


Host Range 
Phocoenidae, Delphinidae 
Phocoenidae, Delphinidae 
Phocoenidae 
Monodontidae 
Monodontidae 
Phocoenidae 
Phocoenidae, Delphinidae 
Delphinidae 
Monodontidae 
Delphinidae 
Phocoenidae, Delphinidae 
Delphinidae 
Phocoenidae 
Phocoenidae 
Phocoenidae 
Phocoenidae 
Delphinidae 
Delphinidae 
Delphinidae 
Phocoenidae 
Phocoenidae 
Monodontidae 
Delphinidae 
Delphinidae 
Phocoenidae 
Phocoenidae 
Phocoenidae 
Phocoenidae 
Delphinidae 
Ziphiidae 


and Siebert 2005; Fauquier et al. 2009; Burek-Huntington et 
al. 2015; Lair, Measures, and Martineau 2016). Long-term stud- 
ies on pseudaliids such as H. lagenorhynchi in odontocetes 
(McFee and Lipscomb 2009; Tomo, Kemper, and Lavery 2010) 
may help elucidate the role of host dynamics and environ- 
ment in modes of transmission. 

The pathogenesis of pseudaliid infections in odontoce- 
tes has not been studied. Pseudaliids located in the cranial 
sinuses and middle ear provoke mild to moderate chronic 
inflammation and thickening of the sinus mucosal lining, 
but rarely purulent sinusitis or hemorrhage (Martineau et al. 
1986; Measures 2001; Siebert et al. 2001). Faulkner, Measures, 
and Huot (1998) and Houde, Measures, and Huot (2003b) 
found no apparent effect of Stenurus minor or Pharurus pal- 
lasii infecting the cranial sinuses of harbor porpoise or SLE 
beluga, respectively, on the body condition of their hosts, 
suggesting that these hosts were able to forage effectively. 
Lehnert, Raga, and Siebert (2005) observed more severe 


infections in stranded harbor porpoises compared to by- 
caught animals. 

Verminous and bacterial pneumonia are common causes 
of mortality in odontocetes, often in greater than 50% of 
stranded animals examined (Jepson et al. 2000; Measures 
2001; Siebert et al. 2001; Jauniaux et al. 2002; Lair, Measures, 
and Martineau 2016). Pseudalius inflexus, Torynurus con- 
volutus, Stenurus ovatus, and Skrjabinalius spp. can all 
cause almost total occlusion of bronchi and bronchioles due 
to their physical presence. Lesions associated with these 
lungworms include bronchopneumonia, acute to chronic 
bronchitis, bronchiolitis, edema, and chronic interstitial 
pneumonia. Pseudalius inflexus, which can occur in the 
heart and pulmonary vessels, causes endocarditis, vasculi- 
tis, and thrombosis, which is often fatal (Jepson et al. 2000; 
Siebert et al. 2001; Jauniaux et al. 2002). Some adult pseu- 
daliids (Z. convolutus, S. globicephalae) stimulate no or little 
inflammatory response in bronchi or bronchioles (Cowan 
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1966, 1967; Dailey and Stroud 1978), but larvae in alveoli 
can cause a subacute purulent focal pneumonia (Dailey and 
Stroud 1978). 

Pseudaliids found within pulmonary parenchyma, such 
as species of Halocercus, are particularly pathogenic. Lesions 
associated with these lungworms include bronchitis, peri- 
bronchitis, pneumonia, and alveolar and interstitial edema 
(Measures 2001; Lair, Measures, and Martineau 2016). In acute 
infections, there may be intra-alveolar hemorrhage. In chronic 
infections, visible grossly as small pale subpleural nodules, 
there is a granulomatous reaction, encapsulating worms, 
which die, degenerate, and calcify. Thoracic lymph nodes are 
often enlarged (Zafra et al. 2015). Focal abscesses and areas 
of calcification are commonly associated with Halocercus 
invaginatus (Dailey and Stroud 1978). Jepson et al. (2000) 
could not determine which of five different lungworm spe- 
cies in harbor porpoises was more pathogenic, although 
P. inflexus and T: convolutus were the most common species 
found. They reported 12 aneurysms and 27 arterial thrombi 
associated with P. inflexus infections in stranded harbor por- 
poises. Verminous pneumonia is a common cause of death in 
stranded SLE beluga, particularly juveniles (Martineau et al. 
1988; De Guise et al. 1995; Lair, Measures, and Martineau 
2016). Severe secondary viral, bacterial, or mycotic infections 
can develop in association with pseudaliid infections, leading 
to abscessation and septicemia. 

Pseudaliids have evolved and adapted to their hosts over 
thousands of years, and probably light infections pose no 
serious problem for otherwise healthy animals. Pseudaliids 
in the auditory organs may be involved in strandings of 
a single individuals, mother—calf pairs, or mass strand- 
ings of group of whales, if the leader is heavily infected as 
hypothesized by Delyamure (1955), Fraser (1966), and oth- 
ers. There is no pathological or clinical evidence of hearing 
impairment due to pseudaliids (Martineau et al. 1986, 1988; 
Houde, Measures, and Huot 2003b; Lair, Measures, and 
Martineau 2016), and no evidence that pseudaliids invade 
the cranial vault and brain (as does Nasitrema) or cause 
osseous lesions (as does Crassicauda). Effects on the func- 
tioning of the cranial sinus system of odontocetes infected 
with pseudaliids, with subsequent negative effects on div- 
ing performance, foraging, navigation, and body condition, 
have not yet been demonstrated (Faulkner, Measures, and 
Huot 1998; Measures 2001; Houde, Measures, and Huot 
2003b). In the absence of empirical evidence, the role of 
pseudaliids in the phenomenon of odontocete stranding 
remains unresolved. 

Occasional infections by nematodes indicate that para- 
sitologists and clinicians should expect the unexpected. For 
example, Dioctophyme renale (Nematoda: Adenophorea) 
occurs in the peritoneal cavity of seals (Popov and Taikov 
1985; Hoffman, Nolan, and Schoelkopf 2004) instead of mink, 
which is its normal host. Likewise, Pelodera strongyloides 
(Nematoda: Rhabditidae), free-living soil nematodes nor- 
mally found in rotting vegetation in saltwater habitats, are 


found in hair follicles of seals (McHuron et al. 2013), and 
Baylisascaris caused neural larva migrans in sea otters (in the 
typical racoon host, they occur in the intestinal tract; Kazacos 
2016). Reports of Capillaria spp. in marine mammals require 
verification (Zablotzky 1971, cited in Lauckner 1985; Kleinertz 
et al. 2014). 


Parasitic Arthropods 


Arthropods parasitizing pinnipeds include nasal and lung 
mites (Halarachne, Orthohalarachne), follicular and skin 
mites (Demodex and Sarcoptes), and sucking lice (Anoplura; 
Table 21.2). Halarchne also infects the nasal passages of sea 
otters. Infections, sometimes pathogenic, in sea otters may be 
accidental, possibly acquired from seals in captive situations, 
or on haul-out sites shared with infected seals. Pulmonary 
mites such as Orthohalarachne diminuata are reported to 
cause emphysema with copious amounts of mucus in the tra- 
chea and bronchi, and may cause death due to asphyxiation 
from collapsed lung tissue (Lauckner 1985). Nasal or naso- 
pharyngeal mites, such as Halarachne and some species of 
Orthohalarachne, produce relatively minor lesions involving 
the mucosa, but, in high intensity infections, rhinitis, erosions, 
or ulcerations and necrosis of the epithelium and mucosa 
can be severe, with clinical signs presenting as sneezing and 
coughing due to the irritation of the nasal mucosa (Spraker 
and Lander 2010). Mites have larval and adult stages on the 
same host, and appear to feed on host tissues and fluids. 
High intensities of infection by nasal and pulmonary mites 
are a particular problem in captive pinnipeds, and may indi- 
cate hosts in poor body condition or immunocompromised. 
Mange caused by Demodex or Sarcoptes mites residing in hair 
follicles or the skin, respectively, can present as hyperkerati- 
nization, alopecia, scaling, and excoriation, causing destruc- 
tion of the epidermis and secondary bacterial infections. 
High intensity infestations of sucking lice cause skin 
irritation and may lead to severe anemia, especially in 
pups, and are often associated with poor nutritional status 
(Leonardi and Palma 2013). Marcus, Higgins, and Gray (2015) 
reported an association of increased total plasma protein of 
Australian sea lion (Neophoca cinerea) pups infested with 
Antarctophthirus microchir, Lice have three nymphal stages 
on the same host, all of which feed on the blood of the host. 
Infestations appear confined to rear flippers but may occur 
elsewhere in high intensity and depending upon the host 
species (McIntosh and Murray 2007). Echinophthirius borri- 
dus is believed to be the intermediate host of seal heartworm, 
Acanthocheilonema spirocauda (see the section Nematoda). 
An alphavirus was isolated from Lepidophthirus macrorhini 
on southern elephant seals, which had neutralizing anti- 
bodies against the virus but no virus-associated pathologic 
lesions were observed (Linn et al. 2001). Transmission of 
mites and lice is monoxenous, from mother to pup (vertical) 
and pup to pup (horizontal), and facilitated in rookeries or 
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Table 21.4 Useful Taxonomic Publications for Identification of Helminths and Parasitic Arthropods Found in Marine Mammals 


Taxon Reference 

Digenean Price 1932; Gibson, Jones, and Bray 2002; Jones, Bray, and Gibson 2005; Bray, Gibson, and Jones 2008 

Cestodes Markowski 1952; Schmidt 1986; Adams and Rausch 1989; Khalil, Jones, and Bray 1994 

Acanthocephalans Van Cleave 1953; Petrochenko 1958; Yamaguti 1963; Amin 1985, 1998 

Nematodes Delyamure 1955; Arnold and Gaskin 1975; Kontrivamichus, Delyamure, and Boev 1976; Anderson, Chabaud, 
and Willmot 2009 

Ectoparasites Hogans 1987; McDaniel 1979; Durden and Musser 1994; Martin and Heyning 1999; Margolis, McDonald, and 


Bousfield 2000; Leonardi and Palma 2013 


haul-outs where close physical contact between animals is 
common (Thompson, Corpe, and Reid 1998; McIntosh and 
Murray 2007; Leonardi et al. 2013). 

Ectoparasitic crustaceans on cetaceans and _ sirenians 
include phoretic barnacles (Cirripedia), parasitic amphipods 
(Cyamidae, commonly called whale lice), parasitic cope- 
pods (Pennella), and commensal copepods (Balaenopbilus; 
Table 21.2). Barnacles, which are phoronts that have an obli- 
gate commensal relationship with their hosts, have been found 
on a variety of whales and dolphins, and even of sirenians, but 
rarely on pinnipeds (Lauckner 1985; Kane et al. 2008). Often 
attached to the skin or fur (with little or no effect on the host), 
barnacles are commonly located on trailing edges of flukes, 
flippers, and fins, as well as rostrum and teeth. The cyamids 
are the most speciose, infesting balaenopterids, balaenids, 
eschrichtiids, physeterids, ziphiids, as well as odontocetes 
such as narwhal, dolphins, and porpoises. Cyamids are often 
found in clusters on the external body surface with reduced 
water flow, such as around barnacles, superficial wounds, cal- 
losities, normal skin folds, flippers, blowholes, or around the 
mouth where they attach using clawed legs. Cyamids have a 
direct life cycle and all stages remain on whales and feed on 
whale skin (Schell, Rowntree, and Pfeiffer 2000). Transmission 
of cyamids is from one whale to another, including from 
mother and calf, during close physical contact. Generally 
parasitic or phoretic crustaceans are relatively innocuous, but 
high intensities of infestation suggest that hosts are debili- 
tated or immunocompromised (Aznar et al. 2005; Lehnert et 
al. 2007). Pennellids, adult females of which can measure over 
30 cm long on whales, have a two-host life cycle, with squid 
or teleost fish as intermediate hosts; teleosts may serve as 
final hosts for some pennellid species (Kabata 1979; Arroyo, 
Abaunza, and Preciado 2002). The head of Pennella is deeply 
embedded in blubber with apparently mild subcutaneous 
inflammatory reaction; but, a rare report of P. balaenopterae 
infection in a northern elephant seal caused severe subdermal 
lesions (Dailey, Haulena, and Lawrence 2002). Balaenophilus 
are commensal copepods found on the baleen of mystice- 
tes—no adverse effects are reported. Balaenophilus unisetus 
infesting the baleen plates of fin whales may feed on keratin 
(Badillo et al. 2007). A blood-fed leech, Haementaria acue- 
cueyetzin, was removed from a captive Antillean manatee 
(Trichechus manatus, Pérez-Flores et al. 2016). No ectopara- 
sites are reported from polar bears. 


For further information on parasites of marine mammals, 
the reader may consult reviews listed in Table 21.4. 
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Introduction 


Veterinary dentistry involves the professional consultation, 
evaluation, diagnosis, prevention, and treatment (nonsurgical, 
surgical, or related procedures) of conditions, diseases, and 
disorders of the oral cavity and maxillofacial area and their 
adjacent and associated structures. Dentistry is provided by 
a licensed veterinarian, within the scope of his/her educa- 
tion, training, and experience, and in accordance with the 
ethics of the profession and applicable laws established by 
the American Veterinary Dental College (AVDC; 2016) in 
1988. The AVDC’s Nomenclature Committee is charged with 
evaluating current veterinary and dental literature to develop 
standardized veterinary dental nomenclature. Standardized 
nomenclature is used throughout this chapter and is recom- 
mended for use with all species. 


Anatomical Descriptions 
and Dental Formulas 


The maxilla (upper jaw) is made up of many bones, with the 
incisal and maxillary bones holding the teeth. The hard pal- 
ate on the roof of the mouth consists of bone as well, and 
the hard palate is covered with an irregularly ridged mucous 
membrane called the rugae palatinae (Figure 22.1a). The 
incisive papilla lies behind the central incisors in most spe- 
cies and can often be mistaken for a lesion (Figure 22.1b). 
On either side of the incisive papilla lie the exit points of the 
nasopalatine ducts. The soft palate is the posterior portion of 
the roof of the mouth and does not have underlying bone; the 
soft palate separates the oral cavity from the pharynx, and the 
pharynx leads to the nasal cavity. 
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Figure 22.1 (a) The maxilla, (b) mandible, and (c) soft tissue of the lower jaw of a California sea lion (Zalophus californianus). 
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The mandible Gower jaw) is connected to the maxilla 
(upper jaw) by a hinge joint called the temporomandibular 
joint (TMJ), and the two sides of the mandible are fused at 
the mandibular symphysis. In some species, this is a bony 
fusion, and in others, cartilaginous. The tongue lies on the 
midline dorsal the mandibular symphysis. The mandible is 
covered ventrally by muscle and skin. The oral cavity is cov- 
ered with a mucous membrane, which becomes the gingiva 
at the mucogingival line (Figure 22.1c). The attached gin- 
giva is tough epithelium attached to bone; the free gingiva 
is not attached to bone and surrounds the tooth. Outside the 
mucogingival line, the mucous membrane forms the lining of 
most of the oral cavity and ends at the lips. The vestibule of 
the oral cavity is the part between the cheeks or lips and the 
alveolar ridge (i.e., the bony ridge in the mandible or maxilla). 

The tip of the crown (top of the tooth) is a pointed prom- 
inence on the occlusal surface of the tooth and is known 
as the cusp. The cusp is covered with enamel, the hardest 
substance in the body, and will survive normal use and even 
some abuse without problems. However, the enamel, which 
is normally only present above the gumline, may fracture in 
patients who chew shells, bones and other hard substances 
given for enrichment (e.g., ice cubes and frozen fish). 

The deepest part of the root is known as the apex, and it 
is the apex, in most species, where blood vessels and nerves 
enter the tooth, either through a series of small channels 
known as the apical delta or through larger canals known as 
the apical foramen. Some marine mammal species such as the 
walrus (Odobenus rosmarus) have a continuously growing 
tusk (canine tooth) with an open apex. 

In the mature animal, the bulk and strength of the tooth 
consists of dentin. Throughout the life of the tooth, dentin 
is produced by odontoblasts, which are cells lining the pulp 
chamber. The pulp chamber is the innermost portion of the 
tooth above the gumline, whereas the root canal is the por- 
tion of the pulp chamber below the gumline. 

The periodontal ligament supports the tooth and holds 
it in place in the alveolus (socket) by attaching to the tooth/ 
cementum and bone with Sharpey’s fibers. These fibers are 
interlaced in cementum covering the tooth root and bone 
that forms the alveolar wall. The tooth itself rests on alveolar 
bone. In general, the bone of marine mammals is heavier 
and denser than most land mammals, making some proce- 
dures, such as extraction or surgical endodontics, more dif- 
ficult. Although most species of marine mammals lose their 
deciduous teeth in utero or shortly after birth, be aware that 
the apices of most marine mammal teeth are slower to close 
than in most land animals. 

There are two types of tooth forms in mammals: homo- 
dont and heterodont. Animals that have teeth that are all of 
the same form within the dentition are termed homodonts; 
homodont dentition is seen in toothed species of cetaceans. 
In these toothed cetaceans, aside from a variation in size, all 
of the teeth are anatomically the same, conical in shape, and 
interdigitating with each other. Heterodont dentition, on the 


other hand, as seen in pinnipeds, consists of teeth of different 
types or classes; permanent dentition is composed of three or 
four different classes of teeth (incisors, canines, premolars, and 
molars). However, in some species, such as the California sea 
lion Zalophus californianus), the premolars and molars are 
so similar that they are commonly nicknamed “postcanines.” 

The dental formula for adults varies across marine mam- 
mal species (Table 22.1). For example, the number of inci- 
sors in each side of the jaw is variable, ranging, from zero 
in the mandible of the walrus to three in the maxillae of 
sea lions and sea otters. Incisors are usually used for cutting, 
holding, or grooming, whereas canines are used for cutting, 
holding, fighting, and dominance display. Further, canines 
have only one cusp and are the longest teeth. There are three 
or four premolars, which are used for cutting. Molars, on the 
other hand, are used for grinding, and their number ranges 
from zero in the walrus to three in the polar bear. Notably, 
some marine mammals have specialized teeth such as tusks 
found in both the walrus and narwhal (Wonodon Monoceros, 
Nweeia et al. 2012). Walrus tusks are modified upper canines 
found in both males and females, although they are typically 
longer and thicker in males. The tusks in narwhals are also 
caniform, erupting from the lip with a left-handed helix spiral 
that is hollow and grows throughout the life of the animal 
(Nweeia et al. 2012). Male narwhals have an erupted tusk on 
the left and an embedded tusk on the right; although uncom- 
mon, some males may possess two tusks. In female narwhals, 
both tusks are typically embedded. 


Diseases 


Collections of skulls from California sea lions, harbor seals 
(Phoca vitulina richardii), northern elephant seals Wirounga 
angustirostris), northern fur seals (Callorhinus ursinus), sea 
otters Enhydra lutris nereis), walruses, and polar bears (Ursus 
maritimus) have been examined for missing, fractured, mal- 
formed, and supernumerary teeth; periodontal disease; tooth 
resorption; and enamel hypoplasia (Abbott and Verstraete 
2005; Winer, Liong, and Verstraete 2013; Sinai et al. 2014, 
Aalderink et al. 2015a, 2015b; Winer and Arzi 2016; Winer 
et al. 2016). Interestingly, TMJ osteoarthritis was also common 
in these skull collection examinations (Aalderink et al. 2015a, 
2015b). The results and implications of these conditions are 
discussed one by one below. 


Missing Teeth 


Teeth can be missing for a number of reasons. They (1) were 
never formed, (2) were retained in bone, or (3) were avulsed 
due to trauma or disease. Congenitally missing teeth (CMT) 
may either be an inherited condition or developmental result- 
ing from insult during pregnancy; this condition is fairly incon- 
sequential, but prevalence varies from 0.1% in California sea 
lions to 45.5% in walruses. Some species, such as walruses, 
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Table 22.1 Adult Dental Formulas for Some Marine Mammals 


Species Formula Reference 

Bottlenose dolphin (Tursiops 20-23 x 2 = 80-92 Nishiwaki 1972 
truncatus) 20-23 

Pacific harbor seal (Phoca 13,C1,P4,M1ix2=34 Miyazaki 2002 
vitulina richardii) 214 1 


Killer whale (Orcinus orca) 
10-13 
Northern elephant seal 


10-13 x 2 = 40-46 


12, C1/, P4, M1 x 2 = 28 


Nishiwaki 1972 


Briggs 1974 


(Mirounga angustirostris) 114 1 
Polar bear (Ursus maritimus) 13,C1,P4,M2x2=42 Winer et al. 2016 
3.1 4 3 
Southern sea otter (Enhydra lutris 13,C1,P3,M1x2=16 Kenyon 1969 
nereis) 213 2 
California sea lion (Zalophus 13,C1,P 4, M 1-2 = 34-36 Nishiwaki 1972 
californianus) 214 1 
Walrus (Odobenus rosmarus) 11,C1,P3,M0x2=18 Winer and Arzi 2016 
013 0 


Note: Top row of each formula = number of teeth in maxilla (upper jaw); Bottom row of 
each formula = number of teeth in mandible (lower jaw); Figure farthest to right in 


each formula = total number of teeth. 


| = incisor 

C =canine 

P = premolar 
M = molar 


form vestigial teeth that are resorbed prior to adulthood (Fay 
1982). In some species, the high frequency of missing teeth 
makes establishing a true dental formula problematic. Teeth 
retained in the bone can form dentigerous cysts, such as 
one described in a dolphin by Brooks and Anderson (1998) 
and should be extracted. If a cyst is present, the contents 
should be curetted out. Acquired missing teeth can also be 
due to trauma, or periodontal or endodontic disease. Thus, 
clinically, it is best to evaluate animals with missing teeth 
radiographically. 


Supernumerary Teeth 


The prevalence of supernumerary (extra) teeth ranges from 
near zero in most marine mammal species to 25.4% in 
California sea lions. Occasionally, a supernumerary tooth may 
cause tooth crowding with resulting periodontal and orth- 
odontic disease. 


Periodontal Disease 


The AVDC (2016) defines terminology of four stages of 
periodontal disease severity (Box 22.1). The prevalence of 
periodontal disease in marine mammals varies from 18% in 
northern fur seals and 20% in California sea lions to 74.4% 
and 79.9% in sea otters and polar bears, respectively. The 
description of the degree of severity of periodontal disease 
relates to a single tooth with the most advanced stage of 


disease, although a patient may have teeth at different stages 
of periodontal disease. 

Prevention is the best treatment for periodontal disease; 
routine scaling and polishing and, if the animal is or can 
be trained, tooth brushing are recommended. Many facilities 
have their animals trained to accept an electric toothbrush. 
Toothpaste is not needed, since it is the mechanical action 
of the brush that does the work. Specialized procedures to 
treat periodontal disease, although they exist, are beyond the 
scope of this chapter and will not be discussed here. 


Tooth Resorption 


Tooth resorption is a progressive condition, the AVDC (2016) 
has categorized periodontal disease using resorption of den- 
tal hard tissue (TR) and internal resorption of the tooth as 
indicators of increasing severity (Box 22.2). 

In many species of Delphinidae, tooth resorption has 
been described as a caries-like lesion. For example, in a study 
in Brazil, 2% of estuarine dolphins (Sotalia guianensis), 3% 
of bottlenose dolphins (Tursiops truncatus), 6% of rough- 
toothed dolphins (Steno bredanensis) and common dolphins 
(elphinus capensis), 25% of striped dolphins (Stenella coe- 
ruleoalba), and 30% of Atlantic spotted dolphins (Stenella 


Jrontalis) exhibited lesions. Yet, in the same study, no such 


lesions were observed in Fraser’s dolphins (Lagenodelphis 
hosei), killer whales (Orcinus orca), or false killer whales 
(Pseudorca crassidens; Loch et al. 2011). 
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BOX 22.1 PERIODONTAL DISEASE TERMINOLOGY 


Normal: Clinically normal; gingival inflammation or periodontitis is not clinically evident. 

Stage 1: Gingivitis only, without attachment loss; the height and architecture of the alveolar margin are normal. 

Stage 2: Early periodontitis; less than 25% of attachment loss (as measured by either probing of the clinical attach- 
ment level or radiographic determination of the distance of the alveolar margin from the cementoenamel junc- 
tion relative to the length of the root) or, at most, there is a stage 1 furcation involvement in multirooted teeth. 
There are early radiologic signs of periodontitis. 

Stage 3: Moderate periodontitis; approximately 25-50% of attachment loss (as measured by either by probing of the 
clinical attachment level or radiographic determination of the distance of the alveolar margin from the cemen- 
toenamel junction relative to the length of the root), or there is a stage 2 furcation involvement in multirooted 
teeth. 

Stage 4: Advanced periodontitis; more than 50% of attachment loss (as measured by either probing of the clinical 
attachment level or radiographic determination of the distance of the alveolar margin from the cementoenamel 
junction relative to the length of the root), or there is a stage 3 furcation involvement in multirooted teeth. 

Gingivitis: Inflammation of gingiva. 

Periodontitis: Inflammation of nongingival periodontal tissues (.e., the periodontal ligament and alveolar bone). 

Gingival recession: Root surface exposure caused by apical migration of the gingival margin or loss of gingiva. 

Gingival enlargement: Overgrowth or thickening of gingiva in the absence of a histological diagnosis. 

Gingival hyperplasia: Abnormal increase in the number of cells in a normal arrangement resulting clinically in 
gingival enlargement. 

Abnormal tooth extrusion: Increase in clinical crown length not related to gingival recession or lack of tooth wear. 

Alveolar bone expansion: Thickening of alveolar bone at labial and buccal aspects of teeth. 


BOX 22.2 TOOTH RESORPTION CATEGORIES 
Tooth Resorption (TR) 


Stage 1 (TR1): Mild dental hard tissue loss (Cementum or cementum and enamel). 

Stage 2 (TR2): Moderate dental hard tissue loss (cementum or cementum and enamel with loss of dentin that does 
not extend to the pulp cavity). 

Stage 3 (TR3): Deep dental hard tissue loss (Cementum or cementum and enamel with loss of dentin that extends 
to the pulp cavity); most of the tooth retains its integrity. 

Stage 4 (TR4): Extensive dental hard tissue loss (cementum or cementum and enamel with loss of dentin that 
extends to the pulp cavity); most of the tooth has lost its integrity. 
Tk4a: Crown and root are equally affected. 
TR4b: Crown is more severely affected than the root. 
Tk4c; Root is more severely affected than the crown. 

Stage 5 (TR5): Remnants of dental hard tissue are visible only as irregular radio-opacities, and gingival covering is 
complete. 


Types of Tooth Resorption Based on Radiographic Appearance 


Type 1 (TI): A focal or multifocal radiolucency is present in the tooth with otherwise normal radio-opacity and 
normal periodontal ligament space. 

Type 2 (T2): There is narrowing or disappearance of the periodontal ligament space in at least some areas and 
decreased radio-opacity of part of the tooth. 

Type 3 (13): Features of both type 1 and type 2 are present in the same tooth; it has areas of normal and narrow 
or lost periodontal ligament space, focal or multifocal radiolucency, and decreased radio-opacity in other areas 
of the tooth. 
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BOX 22.3 TOOTH FRACTURES 


Tooth fractures according to the AVDC (2016) are cat- 
egorized as follows: 


Enamel infraction: Incomplete fracture (crack) of 
the enamel without loss of tooth substance 

Enamel fracture: Fracture with loss of crown sub- 
stance confined to the enamel 

Uncomplicated crown fracture: Fracture of the 
crown that does not expose the pulp 

Complicated crown fracture: Fracture of the crown 
with exposed pulp (nerve) 

Uncomplicated crown-root fracture: Fracture of 
crown and root not exposing the pulp 

Complicated crown-root fracture: Fracture of the 
crown and root exposing the pulp 

Root fracture: Fracture of the root 


Clinically, when TR is discovered, intraoral radiographs 
should be taken to evaluate the development of the tooth, 
paying particular attention to the development of the pulp 
chamber and canal system. Amelogenesis imperfecta is a 
failure of the enamel to develop correctly, either partially or 
completely, and has been observed in at least one stranded, 
dead dolphin (Brooks and Anderson 1998). 


Tooth Fractures 


The AVDC (2016) classifies tooth fractures as shown in 
Box 22.3, which can be applied to both brachyodonts (e.g., 
teeth in which root length exceeds that of the crown, as seen 
in most marine mammals) and hypsodonts (e.g., teeth having 
high crowns above the gumline, such as walrus tusks). 
Generally, no treatment is necessary for fractures or wear 
that that does not expose the pulp, especially if the wear is slow 
and the odontoblasts lining the pulp chamber have a chance 
to produce tertiary dentin. However, it is possible for bacteria 
to migrate through the dentinal tubules and enter the pulp, so 
intraoral radiographs are recommended to assess pulp involve- 
ment. Also, it is important to be aware that teeth do not have 
to have a fracture to develop fistulas. Through a process called 
anachoresis, bacteria can become established in inflamed tis- 
sues, notably in the endodontic (pulp or root canal) system. 
In cases of a complicated crown fracture, where the pulp is 
exposed due to a fracture of the crown, extraction or root canal 
(endodontic) therapy is indicated. As well as being a painful 
condition, these fractures almost invariably result in infection 
and death of the pulp. This infection cannot be treated by anti- 
biotics, and a “wait and see” method of treatment is not a rec- 
ommended option. More often than not, the infection will not 
cause an obvious fistula or swelling (as seen in Figure 22.2 of 
a draining fistula in a California sea lion). Instead, the infection 
may sometimes drain along the periodontal ligament, go into a 


Figure 22.2 Sea lion mandibular fistula from an abscessed left man- 
dibular canine tooth. (Courtesy of Moss Landing Marine Laboratory.) 


Figure 22.3 California sea lion with bilateral complicated mandibular 
canine fractures with pulpitis. 


sinus, or even be picked up by the blood stream. Complicated 
crown-root fractures also occur where both the crown and the 
root have fractured and pulp is exposed. Figure 22.3 shows 
a bilateral complicated fracture of the mandibular canine teeth. 

In the case of a root fracture, while painful immediately 
after the fracture occurs, this may be the one exception to 
treating all exposed pulp chambers. If the fracture is deep 
enough and the gingiva grows in to cover it rapidly, often, it 
will not require treatment. 


Oral Examination 


The oral examination should always be conducted systemati- 
cally. Most marine mammal oral examinations must be con- 
ducted under general anesthesia. Prior to intubation, examine 
the face and jaw for symmetry, asymmetry, abnormal lumps, 
inflammation, or occlusion. The placement of the endotra- 
cheal tube provides a good opportunity for visualizing the 
pharynx, tonsils, and tongue. Each tooth should be examined 
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Figure 22.4 (a) Dental chart for a California sea lion (and most otariid seals). 
(Continued) 


508 Dentistry 


Patient name 
Genger 
Clinician 


Harbor seal 


/ J \ Vi 
Postcanine } Incisors \ i Postcanine 


Canine | | Canine 
1st incisor 


Right es Left 


maxillary ah inciso maxillary 
Exam and findings 3rd incisor Procedures and treatments 


Presenting complaint : : = BZ : » Professional teeth scaling/polishing 


; Periodontics 
1st postcanine 
2nd postcanine Endodontics 
3rd postcanine 5 
i Restorations 
=— 4th postcanine . 
Missing teet! Extractions 
1st molar 


Mobile teeth Oral surgery 
Fractured teeth Orthodontics 
1st molar 
Radiographs taken ALT PORECARINE Future treatment plan 
Other pathology/findings 3rd postcanine 
Perio pockets 2nd postcanine 
eee ree 


Gingival recession 


2nd incisor 


res 
mandibular © @ mandibular 
1st incisor 


lL 1 


Canine Incisors 


Osseous recession 


Postcanine Postcanine 


©Veterinary Information Network/design by Tamara Rees : 


Figure 22.4 (b) Dental chart for a harbor seal (and most phocid seals). (Both images courtesy of Veterinary Information Network, which may be 
copied and reproduced for clinical practice.) 
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using both an explorer, looking for fractures, mobility, and 
other defects, and also a periodontal probe evaluating the 
depth of each tooth’s sulcus or pocket. Be sure to note 
the amount of plaque and calculus on each tooth, because 
an abnormal amount of plaque and calculus on one tooth 
as compared to the others may indicate pain and disease. 
Examine the periodontal tissue for gingival inflammation, 
hyperplasia, changes in texture, and/or other abnormalities. 

Record the findings on oral exam in the animal’s den- 
tal chart; then use the chart to keep a visual record of the 
patient’s oral health status (see Figure 22.4a, otariid, and 
Figure 22.4b, phocid). In preparing the animal’s chart, the 
teeth are oriented to the viewer, who is facing the patient. 
The patient’s right side is indicated on the left side of the 
chart, and the patient’s left side is noted on the right side of 
the chart. The upper row represents the maxillary (upper) 
teeth, and the lower row, the maxillary teeth. The center dia- 
gram represents the occlusal (interdigitating) surfaces. 


Digital Intraoral Radiology 


Intraoral radiographs should complement the oral examina- 
tion. As we know from small animal dentistry, considerable 
diagnostic information can be learned from taking radio- 
graphs (Verstraete, Kass, and Terpak 1998a, 1998b). 


Equipment 


There are two basic components to digital veterinary dental 
radiology (DVDR): () the dental x-ray machine and (2) the 
digital x-ray system. These components are independent and 
are able to be purchased from different manufacturers. 

The dental x-ray machine consists of a control unit, 
a tube head that produces radiation, a collimator that aims 
and confines the radiation field, and a timer that turns the 
unit on. Dental radiographs can be taken using a veterinary 
medical radiographic unit, as long as time and effort are made 
to properly position the patient. You may need to move the 
patient several times to reorient the stationary radiographic 
unit’s head. The advantage of using a dental radiographic unit 
is its flexible radiographic head and jointed extension arm, so 
that the unit can be angled to minimize the need for patient 
repositioning. Most of the newer dental x-ray units have the 
ability to make fast exposures at 0.01-0.05 seconds. The kVp 
in most dental radiographic units is fixed and usually does 
not need to be adjusted. Likewise, the milliamperage (mA) for 
most dental units is fixed. Exposure time, however, is a vari- 
able and may need to be adjusted according to the thickness 
of the area to be studied. 

The digital x-ray system uses a computer (either laptop 
or desktop) to process and read the image on a computer 
screen. One of the most important components to the whole 
system is the computer being used to read the image. Both 
the graphics card and monitor must be high quality and 


capable of image reproduction. There are two types of sys- 
tems, computed radiology (CR) and digital radiology (DR). 
CR systems use a reusable phosphorous plate to record the 
image with the plate being fed into the reader connected to a 
computer. The two most commonly used CR systems in vet- 
erinary dentistry as this chapter is written are the CR7 [iM3 
Inc., 12414 NE 95th Street, Vancouver, Washington 98682, +1 
(360) 254-2981] and ScanX [Air Techniques, Inc., 1295 Walt 
Whitman Road, Melville, New York 11747, +1 (516) 433-7676]. 
The advantage of the CR system is that the plate comes in 
a variety of sizes, much larger than the sensors. The ability 
to use larger plates makes the CR system the most desirable 
system in marine mammal dentistry. DR systems use a sensor 
hooked up to a computer, and the image goes directly from 
the sensor to the computer. Unfortunately, DR system sensors 
available at this time are too small to be of practical use for 
most marine mammal intraoral radiology. 

Software is used to manipulate the image to enhance it 
by increasing or diminishing contrast and brightness, add- 
ing color, or changing between negative and positive images. 
The software also can provide additional information, such 
as measured distances, histogram analysis of radiographic 
density, and magnification of the image. More information 
on digital radiology is available in the chapter on diagnostic 
imaging (see Chapter 24). 

Prior to taking intraoral radiographs, it is important to 
be concerned with radiation safety. Personnel should protect 
themselves by using safety aprons, gloves, screens, and/or 
safe distance. There are a variety of devices that may be used 
to hold the film in place, including film holders, the endotra- 
cheal tube, paper towels, and gauze sponges. On-person and 
area radiation monitors need to be used. The patient and 
dental x-ray Machine should always be positioned such that 
radiation is never aimed directly at coworkers. Use shields 
and protective devices, to ensure personnel are not exposed. 


Taking the Radiograph 


Following the guidelines presented in Box 22.4, properly 
position the plate. An important consideration when placing 
the plate in the mouth is to include a maximum amount of 
root and supporting bone in the sensor. Be sure not to place 


BOX 22.4 POSITIONING RULES 


Four Simple Rules for Positioning (see DuPont and 
DeBowes 2009, for greater detail): 


1. Make sure you are aiming at the subject and 
sensor. 

2. Do not radiograph air. 

3. If the image is elongated, aim at the sensor. 

4. If the image is foreshortened, aim at the subject. 
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Figure 22.5 Caudal mandibular technique. 


the sensor in such a way that most of the radiograph includes 
air; this common error will result in a poor diagnostic image! 

Place the anode of the dental radiograph unit 8-12 inches 
away from the sensor, or as close as possible to the structure 
being positioned for evaluation. Trigger the radiographic unit. 


The parallel technique is indicated for oral radiographs 
to evaluate the caudal mandibular teeth and nasal cavity with 
the patient under general anesthesia (Figure 22.5). The x-ray 
sensor is placed parallel to the structure to be studied. 

If the patient is awake, or it is not possible to use the par- 
allel technique, use the bisecting angle technique. This helps 
avoid superimposing structures, such as the rostral and cau- 
dal maxilla, where the hard and soft palates are in the way, or 
the rostral mandible, where the other mandible is in the way. 
The bisecting angle is obtained by visualizing an imaginary 
line that bisects the angle formed by the x-ray sensor and the 
structure being evaluated. If the plane of the tooth and sensor 
are at 90-degree angles to each other, the bisecting angle is 
45 degrees. The x-ray generator position-indicating device is 
aimed at this imaginary line. As a result, the image, with only 
minor distortion, is recorded. 

If the x-ray beam is aimed too much at the tooth, the 
image on the radiograph will be distorted by elongation. If 
the x-ray beam is aimed too much at the film, again the image 
will be distorted, this time by foreshortening. To obtain a 
proper radiograph, the x-ray machine head is positioned so 
the beam of the x-ray will be perpendicular to the imaginary 
line. 

It is easiest to follow some simple rules. For the maxil- 
lary caudal teeth (premolars molars, or postcanines), simply 
place one of the plate’s edges on the tooth cusp and the other 
on the palate. The long end of the plate is parallel with the 


Figure 22.6 (a) Sea lion is trained to hold the plastic holder (containing the CR plate) in its mouth. (b) Sea lion is trained to touch the target and hold 


still for a radiograph of the mandible to be taken. 
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Figure 22.7 CR plate and holder. 


muzzle. Do not worry about angling the plate as close to the 
tooth as possible. Some species, such as this California sea 
lion, can be trained to hold the radiographic CR plate and tar- 
get while the radiograph is being taken (Figure 22.6a and 
b). In order to do this without damaging the CR plate, a pro- 
tective plastic holder can be made and used (Figure 22.7). 
For the caudal maxillary teeth (upper jaw in the back 
of the mouth), the patient and radiograph machine head are 
positioned so the machine head is 45 degrees off either the 
vertical or the horizontal, directly lateral (Figure 22.8). To 
radiograph the rostral maxillary teeth (upper jaw in the front 
of the mouth), the plate is placed in the mouth parallel to 
the hard palate (Figure 22.9). The patient and radiograph 
machine head are positioned so that the machine head is 
45 degrees off either the vertical or the horizontal, directly 
in front of the patient. To radiograph the mandibular rostral 


Figure 22.9 Rostral maxillary technique: the plate is in similar position 
to the caudal maxillary technique, and the x-ray machine cone is aimed 
at a 45-degree angle. 


teeth, the plate is placed in the mouth parallel to the mandi- 
ble Figure 22.10). The patient is placed in dorsal recum- 
bency, and the radiograph machine head is positioned so 
the machine head is 20 degrees off the vertical, directly in 
front of the patient. The complete radiographic study on a 
small patient can be obtained in as little as six views: right 
and left caudal maxilla, right and left caudal mandible, ros- 
tral maxilla, and rostral mandible. For larger patients, addi- 
tional images will be necessary to view all of the teeth. The 
canine teeth are best evaluated by placing the unit’s head 
45 degrees from the front of the patient and 45 degrees from 
the side of the patient. 


Figure 22.8 Caudal maxillary technique: the plate is placed in the 
mouth with the exposure side of the plate toward the tooth to be studied, 
and the x-ray machine cone is aimed at a 45-degree angle. 


Figure 22.10 Rostral mandibular technique: the plate is placed in the 
mouth with the exposure side of the plate toward the tooth to be studied, 
and the x-ray machine cone is aimed at a 20-degree angle. 
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Radiographic Interpretation 


Normal Young Patient In the young patient (Figure 
22.11), the dentinal wall is thin, and the pulp chamber is 
large. As the tooth develops, odontoblasts lining the pulp 
chamber produce dentine. This thickens the dentinal wall and 
reduces the size of the pulp canal. The apex may be open, 
depending on the age of the patient. In the young patient, the 
dense cortical alveolar bone forming the wall of the socket 
appears radiographically as a distinct, opaque, uninterrupted, 
white line parallel to the tooth root (known as the lamina 
dura). The radiolucent image between the lamina dura and 
tooth is the periodontal space (known radiographically as the 
lamina lucida), which contains the periodontal ligament. Also 
note the trabecular pattern of interdental bone. 


Normal Older Animal The dental radiograph of a healthy 
adult (Figure 22.12) will show a decreased or sometimes 
absent canal, and increased dentinal wall thickness. With age, 
the lamina dura (alveolar bone) disappears, and generally, 
the width of the lamina lucida (periodontal ligament space) 
becomes thinner. While an apex is present, the apical delta or 
apical foramen is usually not seen. There may also be thin- 
ning of the alveolar crest. 


Premolars 


Apex 


Root 


Pulp c 


Dentine 


Root canal Neck 


Enanvell Crown 


Figure 22.11 Radiograph of a normal sea lion that is less than 5 years 


old. 


chamber 
absent 


Figure 22.12 Radiograph of a normal sea lion that is over 20 years old. 


Figure 22.13 Stage 3 periodontal disease in a sea otter showing 
between 25% and 50% bone loss. 


Periodontal Disease Radiographic signs of periodontal 
periodontal disease include a rounding and loss of the alveo- 
lar crest, as seen in the sea otter periodontal disease radio- 
graph in Figure 22.13. This is particularly visible between 
teeth in the interproximal space, as well as in the furcations 
(where the roots of the teeth bifurcate, fork, or separate). This 
may also appear as horizontal bone loss. If vertical bone loss 
has occurred, there will be increased periodontal ligament 
space. 

Subgingival calculus may also be observed. In multi- 
rooted teeth, the furcation is the bone between the roots, and 
this bone may be lost as periodontal disease progresses. The 
furcation index (see Box 22.5) is an indication of the amount 
of furcation lost. 


Endodontic Disease Radiographic signs of endodontic 
disease (disease of the pulp) include a lucency around the 
apex of the tooth root, resorption of the tooth root inter- 
nally, or resorption of the tooth root externally, as seen in this 
California sea lion (Figure 22.14a and b). Fractures may be 
noted above or below the gingiva. However, fractures do not 
have to exist to have endodontic disease. 


BOX 22.5 FURCATION INDEX 


Stage 1: Periodontal probe extends less than half- 
way under the crown in any direction of a tooth 
with attachment loss. 

Stage 2: Periodontal probe extends greater than 
halfway under the crown but not through and 
through. 

Stage 3: Periodontal probe extends under the 
crown through and through from one side of 
the furcation out the other. 
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Figure 22.14 (a) Radiograph of periapical lucency of the left mandibular canine tooth and (b) stage 4 periodontal disease of all the mandibular inci- 


sors in a California sea lion. 


Tooth Resorption The radiographic signs of tooth resorp- 
tion lesions; range from a barely visible coronal lucency to 
total root resorption. Radiographs should always be taken 
prior to filling these lesions because radiographs show the 
resorptive lesions well, particularly related to the mandibular 
canine tooth. 


Retained Roots Radiographs may be taken to evaluate 
retained roots, both diagnostically and intraoperatively. The 
presence of lucency around the root may also indicate active 
infection. Be sure to evaluate the radiograph for compromise 
of any other oral structures, too. 


Treatments for Fractured Teeth 


Endodontics 


Endodontics is a specialty in dentistry and oral surgery con- 
cerned with the prevention, diagnosis, and treatment of 
diseases of the pulp-dentin complex and their impacts on 
associated tissues. It is called “conventional root therapy” 
when access is made into the tooth, contents of the pulp 
chamber and root canal are removed, the canal is filled with 
an inert material, and the access point is restored (Figure 
22.15). “Surgical root canal therapy” is a treatment where 
conventional root canal therapy is first performed, followed 
by a surgical approach to the apex and then cleaning out and 
sealing the apex. 

The advantages of endodontic therapy are that there is 
less trauma than with surgical extraction and the functions of 
the treated tooth and the tooth on the opposite side of the jaw 
(where the two teeth occlude) are maintained. 


Figure 22.15 This river otter has had endodontics performed on its 
right maxillary canine tooth. The opaque material inside the tooth is gutta 
percha, a rubberized compound. 


Exodontics 


Instrumentation and Materials Tooth extraction in some 
of the larger marine mammals is difficult. Fortunately, 
Cislak (Zoll-Dental [7450 N. Natchez Avenue, Niles, Illinois 
60714, +1 (847) 647-1819]) manufactures larger elevators and 
other instruments necessary for such procedures. The elec- 
tric Powertome periotome (Figure 22.16) also can make 
exodontia easier. This instrument has a thin blade that can 
follow and cut down the periodontal ligament, and custom 
periotome blades can be manufactured for longer teeth. 


Elevators Because there are a variety of tooth sizes, one 
needs a variety of dental elevator sizes (Figure 22.17a and b). 
Generally select the elevator that best fits the contour of the 
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Figure 22.16 Powertome periotome. 


tooth to be extracted. Elevators are used to stretch and tear the 
periodontal ligament, thus weakening the tooth attachment. 


Luxators Luxators are used for cutting the periodontal 
ligament and expanding the alveolus by inserting the instru- 
ment tip into the periodontal space with a gentle side-to-side 
rocking motion and continuing down the length of the root 
(Figure 22.18). Luxator tips are extremely fine and sharp 
and can be easily damaged if used as elevators. The luxator 
tip is not designed for the extra force used with elevation. 


Extraction Forceps Spring-loaded forceps work effi- 
ciently as an extension of the fingers to remove a tooth loos- 
ened by elevation or luxation. Do not use these forceps to 
force the tooth out, because this will only result in tooth 
fracture. 


Magnification and Lighting Two frustrating aspects of 
extracting roots are limited access and poor visibility. These 
problems may be decreased by the use of magnification (3x 
power) and headlamps. 


Sterilization of Equipment Since extraction is a surgi- 
cal procedure and the instrument penetrates tissues, sterile 
instruments should be used. While it is true that the tissue 
surrounding the tooth is already infected, it is inappropri- 
ate to introduce different species of bacteria to the infection. 
Chemical disinfectants may be effective, but take time to 
work, and chemicals must be thoroughly washed off prior 
to use. Sharp instruments may become dull with chemical 
sterilization, and some metals will weaken. Gas sterilization 
techniques are less hazardous to the instruments. Autoclaving 
techniques use a combination pressure and steam heat to 
sterilize instruments. Sterilization must be monitored, either 
by the use of chemical strips that turn colors when proper 
sterile conditions have been achieved or by biological moni- 
tors, which check for bacterial growth after sterilization. 


Extraction Techniques Most teeth may be extracted by 
elevation or creation of a surgical flap. Elevation stretches and 
tears the periodontal ligament fibers by inserting the elevator 
into the alveolus and using it as a wedge. Rather than using 
brute force, use rotational motions (rather than “teeter-totter” 
motions) to ease the tooth out of the socket. The key to this 
approach is to take your time and be patient. The surgical 
technique creates a flap, removes the buccal plate of bone, 
and removes the root through the opening created in the 
buccal wall. All of the root should be removed, except in the 
rare circumstance where more damage would result from full 
root retrieval. 

A step-by-step approach in exodontic technique is impor- 
tant. Keep in mind that the objective is to remove the tooth as 
atraumatically as possible. You may not need to use each of 
these techniques or instruments for every extraction. Nor is 
the order of techniques you choose to follow necessarily the 
same each time; and combinations of vertical and horizontal 
extraction techniques can be used. 

The first step in tooth extraction is to sever the gingival 
attachment. Most commonly used are either a no. 11 or no. 15 
scalpel blade, a root tip pick, and/or a dental elevator. Work 


Figure 22.17 (a) Winged elevators. (b) XL T winged elevators. 
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Figure 22.18 Luxators. 


all the way around the tooth. “Be patient!” Occasionally, it 
may help to use a round or pear-shaped bur on a high-speed 
handpiece to separate the ligament. Be sure to use plenty of 
water to keep the tissues cool; otherwise, bone necrosis may 
occur secondary to thermal injury. 

The vertical rotation force occurs when the elevator is 
used parallel to the root. Once the free gingiva has been sev- 
ered, begin to work an elevator (whose curve approximates 
that of the tooth) into the space between the tooth and the 
alveolus. It is helpful to place a slow, gentle, steady pressure 
on the tooth, rather than quick, rocking motions. The slow, 
steady pressure (holding the pressure on each side 5-15 sec- 
onds) will break down the periodontal ligament so the tooth 
exfoliates easily. When elevating, it is important to place the 
index finger on the shaft of the instrument to act as a stop in 
case of accidental slippage (Figures 22.19 and 22.20). 

When the periodontal ligament breaks down, hold 
onto the tooth with extraction forceps for easy removal. To 
increase the speed of healing, the socket and associated gin- 
giva should be disinfected by curettage and irrigation. Finally, 
the gingiva is sutured using a resorbable suture material. The 
author prefers using Monocryl, since it will dissolve or, over 
time (several weeks), untie and fall out. The suture mate- 
rial size depends on the size of the marine mammal species 
(usually 2-0 for larger [>75-100 kg] to 4-0 for smaller [<50 kg] 
animals). 


Figure 22.19 Proper exodontic grip—the elevator is held in the palm 
with the index finger down the shaft acting as a stop to prevent acciden- 
tal stabbing of the patient if the instrument slips. 


Figure 22.20 Improper exodontic grip—the elevator is held in the palm 
only, with nothing to prevent the instrument from stabbing the patient. 


It is almost always easier and less traumatic to section/ 
split multiroot teeth before extracting them to prevent the 
likelihood of fractured tooth root segments. After sectioning 
the crown, remove each section as if you were extracting a 
single root tooth. Once the crown has been split, each indi- 
vidual root is treated like a separate tooth and extracted. The 
only difference in this technique is that adjoining roots may 
be used as a fulcrum for the extraction before and after the 
root has been elevated. A high-speed handpiece with a 701L 
bur works best. Generally, it is best to expose the furcation 
(bone loss area at the base of the root) and start sectioning 
the tooth from the furcation toward the crown. The incision 
through the crown can go directly up from the furcation, 
splitting the crown in half. Alternatively, the incision can be 
angled toward a crown developmental fissure, sectioning the 
crown unequally but resulting in less tooth to cut. 

The trauma and possible pain to the patient caused by 
disease condition or the procedure itself create the need 
to consider administering pain medication, by either inject- 
ing local anesthetic, parenteral injection, oral medication, 
skin patch, or a combination of two or more methods (Cf, 
Chapters 26 and 27). 

Using proper instrumentation and extraction technique 
makes the extraction simpler, safer, and easier on the patient 
and practitioner. Difficult extractions can be accomplished by 
gingival flap surgery (i.e., where the gum is separated from 
the tooth and folded back temporarily) to facilitate atraumatic 
elevation of the root in a buccal direction. Postoperative radio- 
graphs and pain control help verify that the entirety of the 
tooth is extracted, document what has been done, and provide 
the patient with a relatively painless procedure and recovery. 
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Introduction 


Eyes can have localized lesions and also manifest clinical 
signs secondary to systemic diseases. Eyes also have a local 
immune response, which has to be kept in balance for eyes 
to remain clear, healthy, and sighted. Ophthalmic lesions in 
cetaceans and pinnipeds in the wild typically involve the cor- 
nea and are often traumatic in origin (Gerber et al. 1993; 
Greig, Gulland, and Kreuder 2005; Erlacher-Reid et al. 2011, 
Colitz, Walsh, and McCulloch 2016). Animals under human 
care tend to develop a variety of diseases that are influenced 
by their environment. Important factors include the following: 
increased exposure to sunlight (ultraviolet radiation); air pol- 
lution; changes in water quality parameters including salinity, 
pH, imbalanced chlorine and/or ozone, as well as by-products 
of disinfection; and changes in coliform counts and probably 
other bacteria or yeasts or fungi that we do not yet moni- 
tor. Other factors that may be important and will be evalu- 
ated in the future (suggested by anecdotal reports of cases of 
corneal edema coincidental to or following their use; Colitz 
unpubl. data) include effects of parasiticides and vaccinations. 
Understanding all factors, and being open to others not pre- 
viously considered, will improve the way in which eyes are 
treated through husbandry and medical management. 


Cetaceans 


Anatomy 


The anatomy of eyes from a variety of cetacean species has 
been described (Miller, Samuelson, and Dubielzig 2013). 
Cetaceans lack a nasolacrimal system. They have a hemi- 
spherical globe that is shorter in the vertical axis than in 
the horizontal axis. The cornea is thicker at its periphery 
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than centrally, and it has five layers, including the epithe- 
lium, a variably thick Bowman’s layer, the corneal stroma, 
a thin Descemet’s membrane, and the endothelium (Miller, 
Samuelson, and Dubielzig 2013). The Bowman’s layer is pres- 
ent in all cetacean species evaluated, except the pygmy sperm 
whale (Kogia breviceps). The cornea is thick and flattened 
and does not contribute to refraction, as it has a similar refrac- 
tive index to that of water; therefore, the spherical lens is 
the main refractive structure (Sivak 1980) that focuses images 
onto the retina. The cetacean eye is emmetropic under water, 
meaning it can see well near and far. 

The iris and ciliary body are very vascular, and the iris 
musculature is robust. The ciliary body musculature, how- 
ever, is vestigial or lacking in most cetacean species (Rochon- 
Duvigneaud 1943; Wickham 1980; West et al. 1991; Hatfield et 
al. 2003; Miller, Samuelson, and Dubielzig 2013). The spheri- 
cal shape of the lens, combined with little to no ciliary body 
musculature, gives it little accommodative capability. Instead, 
the lens is thought to translate, or move anteriorly and posteri- 
orly, though how has not been determined. Supin et al. (2O0D 
hypothesized that the retrobulbar muscles contract, retracting 
the globe posteriorly into the orbit, the intraocular pressure 
increases, and the lens is shifted anteriorly. Then, when the 
retrobulbar muscles relax, the globe moves anteriorly into its 
normal position, the intraocular pressure lowers, and the lens 
moves posteriorly back to its normal position. 

The retina is holangiotic and has sparse, large ganglion 
cells. The retinal pigment epithelium is pigmented only at 
its periphery, with the fibrous tapetum lucidum covering the 
majority of the visible fundus (Supin, Popov, and Mass 2001; 
Mass and Supin 2007; Miller, Samuelson, and Dubielzig 2013). 
Unlike other species, cetacean eyes have encapsulated sen- 
sory corpuscles in the anterior uvea, the sclera surrounding 
the anterior uvea, the trabecular meshwork, or a combination 
of these locations (Miller, Samuelson, and Dubielzig 2013). 


Physiology 


The integrity of the precorneal tear film is very important 
to the overall health of the ocular surface in all species 
(Giuliano 2013; Kelleher Davis et al. 2013). The precorneal 
tear film lubricates and protects the cornea and conjunctiva 
from pathogens and debris. Quality and quantity of the tear 
film are influenced by environmental factors, health of the 
individual, and proper function of the cells and glands that 
secrete the components. Tear film composition is not as well 
understood in marine mammals as it is in humans and ter- 
restrial mammals, in which there are three layers to the pre- 
corneal tear film. These include the glycocalyx and the mucus 
layer, the aqueous layer, and the lipid layer (Dartt 2011). In 
cetaceans, the mucus layer is the most copious, and the aque- 
ous layer is the second most copious; however, cetaceans lack 
the lipid component because they lack Meibomian glands. 
The Harderian gland is present in all cetacean species eval- 
uated, with different functions described (Ortiz et al. 2007; 


Funasaka, Yoshioka, and Fujise 2010). In cetaceans, there is 
a layer analogous to the glycocalyx layer that confers high 
viscosity and has a high carbohydrate content, which is most 
important (Kelleher Davis pers. comm.). In terrestrial mam- 
mals, the mucus layer is secreted by the goblet cells in the 
conjunctiva, as are electrolytes and water. The mucus layer 
contributes to the eye’s resistance to infection, and the con- 
junctival cells release growth factors that affect ocular surface 
properties via paracrine signaling (Dartt 201). If this is also 
true in cetacean eyes, malfunction of this process may con- 
tribute to keratopathy in these species. The aqueous tear layer 
is also complex with many functions; the electrolyte composi- 
tion is critical to the ocular surface health, the proteins pro- 
tect the ocular surface from bacterial infection, and reflex tear 
production flushes away deleterious substances (Dartt 2011). 
The tear fluid has a buffer system that protects against pH 
changes. Interestingly, a recent investigation of the pH of ocu- 
lar secretions of bottlenose dolphins (7ursiops truncatus) and 
associated corneal disease found that the salinity of the pool 
and the temperature of the water accounted for significant 
variability in the pH of tears (Kuprijanova et al. 2015). 


Ophthalmic Diseases of Cetaceans 


Eyelids The eyelids’ primarily function is to protect the 
globes and conjunctiva against environmental factors includ- 
ing trauma, debris, and excessive ultraviolet radiation. Because 
of this protective role, eyelids are predisposed to injury from 
blunt and sharp trauma, especially in cetaceans, since they 
are very active when they are at play and breeding. Blunt 
force trauma with the eyelids closed usually results in eye- 
lid bruising (Figure 23.1) and corneal edema, which typi- 
cally resolve gradually. Cetaceans’ sharp teeth often cause 
“rake marks” anywhere on the body, and occasionally on the 


Figure 23.1 Right eye of an Atlantic bottlenose dolphin, showing 
severe blepharospasm and hyperemia of the dorsal eyelid following blunt 
trauma. 
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eyelids with or without corneal involvement (Figure 23.2). 
Inflammatory diseases of the eyelids without a known cause 
can be severe (Figure 23.3) but gradually resolve with sup- 
portive care. This care includes oral and topical antibiotics 
and topical nonsteroidal anti-inflammatory medications. 


Cornea Corneal lesions are the most common ocular abnor- 
malities identified in wild dolphins and those under human 


Figure 23.2 Right eye of a Pacific bottlenose dolphin. The upper 
eyelid had sustained a laceration and was surgically repaired. 


Figure 23.3 Left eye of a bottlenose dolphin with severe blepharocon- 
junctivitis. A cause was not found. 


care (Colitz, Walsh, and McCulloch 2016). A variety of lesions 
have been characterized and named in order to better diag- 
nose lesions and make therapeutic and prognostic decisions. 
The most common corneal lesions seen in dolphins under 
human care include medial keratopathy, axial keratopathy, 
horizontal keratopathy, and temporal keratopathy. 

Predisposing factors are not defined, though they are 
likely similar to the factors involved in Pinniped Keratopathy 
(Colitz unpubl. data). It appears that any minor change in 
water quality, or increase in UV index, or exposure, can 
cause acute corneal edema or horizontal keratopathy. Over 
time, the lesions become permanent and may result in any 
of the permanent keratopathies discussed below. The acute 
and transient forms of keratopathy will be discussed here 
(also Colitz, Walsh, and McCulloch 2016). Clinical signs of 
infection include blepharospasm, blepharedema, worsening 
corneal edema, corneal ulceration, cellular infiltrates, and 
abscess formation. 

Medial keratopathy is the most common corneal abnor- 
mality diagnosed, affecting 50% of eyes and 53.89% of animals 
surveyed, and usually occurring bilaterally (Colitz, Walsh, and 
McCulloch 2016). The most likely cause is exposure to UV, as 
in a similar disease that affects humans, pterygia (Shoham et al. 
2008); however, there may be other factors. Medial keratopathy 
is gradually progressive and begins at the medial conjunctiva 
with a change in the pattern of the normal diffuse pigmenta- 
tion. Then, the pigmentation crosses the adjacent limbus, and 
prominent vascularization may accompany this. The pigmenta- 
tion then encroaches and invades the adjacent cornea with pro- 
gressive vascularization and variable gray-white opacities that 
can have waxing and waning edema, and fibrosis eventually 
develops (Figure 23.4). These lesions are very consistent. Less 
common concurrent lesions include abscess formation due to 
trauma, or rarely, calcium infiltrates. Some lesions are so exten- 
sive that they join and appear to connect with axial or horizontal 
keratopathy lesions (Figure 23.5). 


Figure 23.4 Left eye of a Pacific bottlenose dolphin with medial 
keratopathy. Pigment has migrated through the limbus into the adjacent 
perilimbal cornea. There is also vascularization, fibrosis, and diffuse 
edema through and surrounding the lesion. 


520 Cetacean and Pinniped Ophthalmology 


Axial keratopathy and nonspecific axial corneal opacities 
are the second most common corneal lesions affecting dol- 
phins under human care. Causes are not consistent but may 
include changes in water quality, increases in UV, and other 
unidentified factors. As their name implies, they affect the 
axial cornea, but they typically begin as pinpoint opacities 
that gradually progress to diffuse round or oval gray opaci- 
ties of variable size and stromal depth (Figure 23.6a and 
b). They are not clinically painful, though if they become 
infected, signs may include some or all of the following: 
blepharospasm, bullae formation, diffuse edema surrounding 
the keratopathy lesion, and often a change from the gray- 
white color to a yellow-tinged hue, which is indicative of cel- 
lular infiltrates G.e., either ulceration or abscess formation). 
Axial keratopathy lesions were found in 18% of eyes and 24% 
of animals surveyed (Colitz, Walsh, and McCulloch 2016). 


Figure 23.5 Left eye of an Atlantic bottlenose dolphin with mild medial 
and temporal keratopathy, as well as chronic axial and horizontal kera- 
topathy. Medially and temporally, the conjunctival pigment has dimin- 
ished, there is mild pigment crossing the limbus, medial and temporal 
perilimbal diffuse edema, a linear brown opacity consistent with pigment 
in the corneal epithelium, and axially, there is an oval area of multifo- 
cal irregularly surfaced, smooth, rust-colored opacities consistent with 
anterior stromal edema. 


Horizontal keratopathy is the third most common corneal 
lesion, affecting dolphins under human care. Causes appear 
to be any oxidative stressor, including water quality changes, 
an increase in UV, the use of oral fluoroquinolones antibiot- 
ics for an extended period of time, and/or others. Horizontal 
keratopathy can be unilateral or bilateral, and begins as a tran- 
sient horizontal gray-white corneal opacity that can be either 
diffuse and wide (Figure 23.7), or thin and slightly raised 
and variable in length (Figure 23.8 top). Lesions can affect 
animals of any age, even those under 1 year of age. Lesions 
are often associated with clinical signs of pain, such as bleph- 
arospasm or keeping the eye closed. Opacities are present at 
the location where the cornea is first evident when eyelids 
initially open as in a squint. The initial location of lesions 
is at the level of the epithelium, and these episodes of hori- 
zontal keratopathy resolve. However, with repeated episodes, 
lesions become permanent and affect the anterior stroma as 
well (Figure 23.8 middle and bottom and Figure 23.9a and 
b). As the dolphin ages, the lesion’s surface becomes irregu- 
lar, though usually smooth, unless it becomes infected. There 
can be stromal loss, and the lesions can have a coppery-green 
rust-colored appearance; the coloration is a reflection from the 
underlying iris, based on slit lamp examination (Figure 23.5). 


Figure 23.7 Both eyes of a juvenile Atlantic bottlenose dolphin with 
acute, mild horizontal keratopathy. The right eye has a diffuse gray hori- 
zontal linear corneal opacity as well as a medial perilimbal gray opacity; 

both are consistent with edema. The left eye has a less apparent hori- 
zontal gray linear opacity, as well as a thinner gray opacity that originates 
at the medial limbus and extends approximately 7-8 mm, and the opacity 
ends with a focal dense white opacity. 


Figure 23.6 (a) Right eye (OD) of a Pacific bottlenose dolphin with early axial keratopathy. There is an axial round gray opacity with a denser 
white pinpoint opacity in the center of this lesion. (b) Left eye (OS) of a Pacific bottlenose dolphin with moderate axial keratopathy with an axial 


round gray corneal opacity. 
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Figure 23.8 (Top) Right eye of an Atlantic bottlenose dolphin with 

mild horizontal keratopathy with an obvious horizontal linear white 
corneal opacity. (Middle) Right eye of an Atlantic bottlenose dolphin with 
moderate horizontal keratopathy. There is pigment migrating across the 
medial limbus; three raised, smooth, rust-colored opacities consistent 
with stromal edema; and diffuse edema surrounding the horizontal and 
medial opacities. (Bottom) Right eye of an Atlantic bottlenose dolphin 
with severe chronic horizontal and axial keratopathy. There is a wide 
horizontal opacity that has a gray axial opacity axially with a smooth, 
more diffuse (though irregular), rust-colored opacity surrounding the gray 
opacity. 


Lesions often become vascularized when they are infected, 
and in some cases, the vessels become inactive but persist. 
Horizontal keratopathy lesions were found in 16.7% of eyes 
and 17.8% of animals (Colitz, Walsh, and McCulloch 2016). 
Since they have a similar incidence to that of axial keratopa- 
thy, it is possible these lesions may be related or a manifesta- 
tion of the same underlying cause. 

Temporal keratopathy, similar in appearance to medial 
keratopathy, is much less common than its medial counterpart. 
Causes include changes in water quality, but UV exposure does 
not seem to be a factor, as it affects many animals at indoor 
facilities as well as those in outdoor facilities This lesion occurs 
at the temporal aspect of the limbus that then encroaches and 
invades the adjacent cornea and has associated pigmentation 
and/or vascularization with a variable gray-white opacity that 
includes both variable amounts of edema and, eventually, fibro- 
sis (Figure 23.10). Temporal keratopathy lesions were found 
in 5.8% of eyes and 6% of animals surveyed (Colitz, Walsh, and 
McCulloch 2016). 


Figure 23.9 (a) Left eye of a Pacific bottlenose dolphin with severe 
chronic horizontal keratopathy, as well as medial and temporal keratopa- 
thies, which coalesced into one large pigmented lesion with an obvious 
corneal vessel dorsally. (b) Left eye of an Atlantic bottlenose dolphin with 
chronic severe horizontal keratopathy. There is a horizontally rectangular 
opacity axially that has a relatively smooth, rust-colored area of stromal 
irregularity temporally and dorsally, and a thin discrete horizontal linear 
Opacity axially, and medially, there is an area where the corneal epithe- 
lium has sloughed, leaving an ulcer that is most likely infected. There is 
diffuse edema throughout the lesion. 


Corneal lacerations are not common, although they can 
occur due to the rough play using teeth. Blunt trauma can 
also result in corneal edema and superficial corneal ulcers 
predisposed to secondary infections, but not primary perfora- 
tions, because the lids are very strong and protective. Corneal 
ulcers and abscesses are more common, and without aggres- 
sive and rapid administration of antimicrobial therapy, cor- 
neal ulcers can progress to descemetoceles or perforations 
with iris prolapse. 
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Figure 23.10 Left eye of an Atlantic bottlenose dolphin with temporal 
keratopathy. There is a triangular white-gray superficial corneal opacity 
arising from the temporal limbus extending into the temporal paraxial 
cornea. 


The water and periocular anatomy are colonized by bac- 
teria and yeasts/fungi, and Pseudomonas aeruginosa is one 
of the most common organisms that can cause rapid onset 
of stromal malacia, G@.e., melting). These lesions are painful, 
so closed eyelids can hide progressive lesions. Cetacean eyes 
are very capable of healing readily: first, by producing fibrin 
in perforations and then growing intense vascularization to 
most infected corneal lesions; and, after the vascularization 
has grown into the cornea to reach the infection, remaining 
through the remodeling period and then regressing (Figures 
23.11a and b). The risk of reinfection during the healing 
phases makes the use of topical and oral antibiotics impera- 
tive. Resolution of pain (.e., an eye without blepharospasm 
or photophobia) is the time to gradually stop antibiotic use. 
Recurrence of pain would indicate reinfection or trauma. 


An interesting keratomycosis appears to only affect dol- 
phins in the Pacific, thus far, and it has been named “white spot 
keratitis” for its characteristic appearance (Figure 23.12). It is 
characterized by a very dense white to slightly yellow corneal 
stromal infiltrate that initially does not cause clinical signs of 
pain (e.g., blepharospasm, epiphora) or inflammation (e.g., 
perilimbal edema, corneal edema, conjunctival hyperemia). 
In most cases, the white-yellow infiltrate sloughs, leaving a 
stromal ulcer with blepharospasm, diffuse corneal edema 
surrounding the ulcer, perilimbal edema, limbal hyperemia, 
and conjunctival hyperemia. With time, the cornea vascular- 
izes, and the vessels will grow through the ulcer, eventually 
receding and leaving a minimal area of fibrosis. One recent 
case differed from others in that this corneal stromal infil- 
trate did not slough prior to vascularization. There are likely 
variations in the syndrome, and with time, it will be better 
characterized. The etiology in the above case was Candida 


Figure 23.12 Left eye of a Pacific bottlenose dolphin with an axial 
dense gray-white opacity with a clearer area in the center. This is an 
example of white spot disease, which is typically fungal in origin. 


Figure 23.11 


(a) Right eye of an Atlantic bottlenose dolphin that had sustained a severely infected corneal ulcer and is now vascularizing aggres- 


sively, as well as creating a new stromal scaffold. The eye appears smaller than normal either due to enophthalmia associated with discomfort or 
because it has either acquired microphthalmia or phthisis bulbi. The dorsal eyelid is very hyperemic. (b) Right eye of the same Atlantic bottlenose 
dolphin 4 years later. The cornea is diffusely gray-white, consistent with fibrosis and edema; axially, there is pigmentation with more pigment in the 


peripheral cornea dorsally and medially. 
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albicans (Simeone et al. 2017), and the same organism has 
been cultured from other cases. 


Treatment of Corneal Lesions 

Antimicrobial Therapy Cetaceans have a very thick 
mucus-rich tear film. For this reason, topical ointments are 
not recommended. Instead, ophthalmic suspensions or drops 
are preferred. In addition, the use of topical 3% acetylcyste- 
ine prior to the medication (or mixed into the medication) 
appears to help the medication(s) enter the tear film more 
readily and possibly creates a depot of that medication in 
the tear film. Using this approach, clinical improvement with 
medications has been consistently successful, demonstrating 
the usefulness of acetylcysteine. 

Acutely painful eyes that result in severe blepharospasm, 
in which there is no possibility for evaluation or medication 
administration, should, if the eye does not open within 48 
hours, be treated via the oral route. Severe pain that results 
in severe blepharospasm is due to either an infected corneal 
ulcer, blunt or sharp trauma, or a significant change in water 
quality. If water quality is to blame, both eyes of the same 
animal, and usually more than one animal in the collection, 
are affected. A rapidly progressive, malacic (or melting) ulcer 
is a very severe lesion that can quickly lead to perforation. 
Surgical repair of deep stromal ulcers, descemetoceles, or 
perforations has not yet been performed in cetaceans but is 
an option; however, it may be difficult to address these issues 
in most facilities on an emergency basis. Therefore, avoidance 
and prevention are the better options. 

The combination of oral doxycycline (4-5 mg/kg BID 
until the eye is open and often until the cornea has healed) 
and an oral quinolone such as ciprofloxacin (10 mg/kg BID 
for 5-7 days) or enrofloxacin (2.5 mg/kg BID for 5-7 days) is 
the authors’ suggestion for treating suspected corneal infec- 
tions when there is severe blepharospasm. Extended use of 
fluoroquinolone antibiotics results in horizontal keratopathy 
and photophobia. Due to the presence of Pseudomonas 
spp. in most aquatic environments, these aggressive bac- 
teria opportunistically infect corneal erosions or ulcers, 
leading to rapidly melting ulcers. Therefore, choosing an anti- 
biotic that addresses this and other common aquatic flora is 
paramount in the treatment of severely painful eyes. Once the 
affected eye opens and topical antibiotics can be initiated, the 
oral fluoroquinolone antibiotic should be discontinued. 

Corneal erosions or ulcers where the cornea can be eval- 
uated and photographed to monitor progress during therapy 
can also be treated in a similar manner. Oral doxycycline is 
typically used with topical antibiotics, with the latter used 
in this combination to address the opportunistic flora and 
the bacteria infecting the ulcer, if known. The triple anti- 
biotic ophthalmic drop neomycin—polymyxin B-gramicidin 
will address many coliforms, as well as other common bac- 
teria. The aminoglycoside antibiotics, either tobramycin or 
gentamicin, are excellent for Pseudomonas spp., E. coli, and 
Klebsiella. Amikacin can be diluted for use in unresponsive 


corneal ulcers or abscesses. The topical fluoroquinolone anti- 
biotics include ofloxacin, ciprofloxacin, levofloxacin, moxi- 
floxacin, and gatifloxacin. Ofloxacin is commonly chosen, as 
it is inexpensive and does not sting like ciprofloxacin drops. 

Samples for cytology and culture and sensitivity, if pos- 
sible, should be collected, and treatment guided with results 
of these analyses. However, remember that successful treat- 
ment of an infected ulcer can be complicated by infection 
with other bacteria or fungi/yeasts in the environment. Yeasts 
and fungi are opportunistic and can infect corneal abscesses, 
making them difficult to diagnose via cytology or culture. 
Response to therapy is often the only way to make the diag- 
nosis with relative certainty. 

Commonly used topical antifungal medications include 
natamycin and voriconazole. Natamycin is commercially avail- 
able and expensive. Generic voriconazole can be bought as a 
powder for reconstitution as a 1% solution for IV use, mixed 
as directed on package, and then used topically; this is more 
cost effective. Oral antifungals commonly used for keratomy- 
cosis include fluconazole, voriconazole, and terbinafine. 

Doxycycline is used to treat corneal ulcers for a variety of 
reasons. While there are a variety of oral tetracycline antibiot- 
ics, doxycycline is the most clinically effective. Minocycline is 
not as effective (Colitz unpubl. data). The tetracyclines are the 
most immunomodulatory of all the antibiotics. They promote 
corneal wound healing, inhibit matrix metalloproteinase-9, 
and inhibit inflammation, as well as having antibiotic prop- 
erties (Van Vlem et al. 1996; Ralph 2000; Chandler et al. 
2005). Doxycycline also supports the integrity of the ocular 
surface (De Paiva et al. 2006a, 2006b; Hessen and Akpek 
2014) and clinically stabilizes the corneal stroma during infec- 
tions where stromal loss is prominent (Colitz unpubl. data). 
Doxycycline also improves tear film stability and decreases 
the severity of ocular surface disease (Frucht-Pery et al. 1993; 
Zengin et al. 1995). 


Immunomodulatory Therapy for Keratopathy In 
addition to the immunomodulatory effects of doxycycline, 
the calcineurin inhibitors, cyclosporine and tacrolimus, have 
been used for treatment of keratopathy lesions in many ceta- 
cean species. Cyclosporine inhibits interleukin (L)-2, which 
halts T-cell activation (Matsuda and Koyasu 2000). Enhanced 
tear production occurs via this pathway in the conjunctiva 
and lacrimal gland. Topical cyclosporine also increases goblet 
cell density and protects the epithelial cells from apoptosis, 
which could hypothetically improve the overall tear quality in 
cetaceans, thereby improving the surface immunity. 

Tacrolimus is a macrolide antibiotic (Thomson, Bonham, 
and Zeevi 1995) with a similar mechanism of action as cyclo- 
sporine but with significantly greater potency (Kino et al. 
1987). The author, in managed care settings, has used topi- 
cal 0.02% or 0.03% tacrolimus for all the keratopathies that 
affect cetaceans. The clinical observations that support its use 
are the gradual reduction in the size and depth of medial, 
horizontal, and axial keratopathies. Another use of tacrolimus 
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follows improvement of an infected corneal lesion in order to 
diminish the vascularization and fibrosis. 


Lens Dolphins develop cataracts more commonly than 
previously thought (Figure 23.13). There was a 16% inci- 
dence of cataracts in dolphins in a recent survey. The inci- 
dence may be higher, but because dolphin examinations are 
often conducted in bright sunlight, this makes the diagnosis 
of smaller cataracts difficult. Cataracts in cetaceans do not 
usually progress to cause diminished sight as they do in pin- 
nipeds. Lens instability is also rare in cetaceans, and only 
one eye has been diagnosed with a lens subluxation, thus far 
(Colitz unpubl. data). Any lens instability should be addressed 
surgically to avoid pain and corneal damage. Improvements 
in dolphin anesthesia techniques will allow these procedures 
to be more safely addressed. 


Glaucoma Dolphins have not yet been diagnosed with pri- 
mary or secondary glaucoma. Their optic nerve anatomy 
would make them resistant to the damaging effects of very 
elevated intraocular pressures (IOPs), and it is thought that 
they can raise their IOPs to an extremely high level during 
natural diving activities. 

Normal intraocular pressures have been measured using 
both TonoPen and TonoVet instruments. Average IOPs in 
bottlenose dolphins are approximately 28-40 mmHg. The 
higher IOPs occur in animals that have not been desen- 
sitized to having IOP recorded (Colitz 2012). IOP in one 
beluga (Delphinapterus leucas) calf was 16 mmHg in both 
eyes (OU); IOPs in one beluga adult stationed at the edge 
of the pool were 25 mmHg OU; IOPs in one harbor por- 
poise (Phocoena phocoena) were 29 mmHg in the right 
eye (OD) and 31 mmHg in the left eye (OS), and she was 
out of the water on her ventrum, which likely elevated her 
IOPs. Laying on the ventrum increases the IOPs, and mea- 
surements as high as 60-80 mmHg have been measured in 


Figure 23.13 Right eye of an Atlantic bottlenose dolphin with an imma- 
ture cataract. 


bottlenose dolphins out of the water in this position with 
normal eyes. 


Fundus Retinal detachment, chorioretinitis, retinal hemor- 
rhages, or any retinal pathology have not been diagnosed 
clinically in dolphins. However, histologically, there have 
been lesions identified. Two eyes with corneal perforations 
have had retinal detachments; both were from older dolphins. 
One beluga had systemic storage disease, and the retina had 
central photoreceptor atrophy and retinal pigment epithelial 
lipofuscinosis (Dubielzig unpubl. data). 


Pinnipeds 


Anatomy 


The pinniped eye is adapted to life on land as well as in the 
water, with large globes and thickened corneas and scleras. 
The corneas are thicker peripherally and relatively thinner 
centrally, with a thinned Descemet’s membrane and endothe- 
lium (Miller, Colitz, and Dubielzig 2010). All of the normal pin- 
niped corneas evaluated clinically have had a flattened plateau 
that is not detectable histologically. Its presence is thought to 
reduce aerial myopia (Hanke et al. 2006). The flattened pla- 
teau is oval in phocids and round in otariids and walrus, and 
is located inferonasal to the axial cornea. Though the reason 
for shape difference among pinniped species is not known, it 
is thought to be that phocids spend more time in water than 
otariids and walrus do. The iris, when constricted, is stenopeic 
(i.e., a pinhole or extremely miotic), while at rest, it is shaped 
like a teardrop. The cellular structure of the iris is similar to 
other vertebrates; however, the sphincter muscle is circumfer- 
ential and thickened near the base of the iris, and extends a 
short distance posteriorly (Miller, Colitz, and Dubielzig 2010). 
The thickened segment of the sphincter muscle posterior to 
the iris base suggests its function in accommodation (Miller, 
Colitz, and Dubielzig 2010), which is possibly moving the lens 
anteriorly, to dilate the pupil and focus under water. The dila- 
tor muscle extends posteriorly to the iris base and onto the cil- 
iary processes. The iridocorneal angle is very wide with thick 
pectinate ligaments easily visible when the globe is examined 
with direct illumination. The corneoscleral trabecular mesh- 
work is located within the sclera with an intermittent pattern, 
similar to that of caniforms (Miller, Colitz, and Dubielzig 2010). 
The uveal trabecular meshwork is an intermingling of the col- 
umns of the ciliary cleft and the ciliary body stroma (Miller, 
Colitz, and Dubielzig 2010). 

The lens is spherical and held in position by both direct 
attachments to the ciliary body processes and via zonular liga- 
ments. The ciliary body and ciliary muscle are similar to those 
of terrestrial carnivores, except that there is a thin transverse cir- 
cumferential smooth muscle that subtends the pars plicata. The 
choroid is similar to other mammals; the tapetum lucidum is 
cellular and relatively thick, and covers almost all of the fundus, 
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except for the periphery. The retina is similar to terrestrial mam- 
mals, except that the ganglion cells are larger and lower in den- 
sity. There is no myelin on the optic nerve head. The lamina 
cribrosa is very delicate. A prominent vascular plexus posterior 
to the globe surrounds the optic nerve and may function to 
maintain proper oxygen concentration and appropriate temper- 
ature control at the posterior aspect of the globe (Ninomiya and 
Yoshida 2007; Miller, Colitz, and Dubielzig 2010). 


Physiology 


Pinnipeds do not have a nasolacrimal system. Otherwise, 
pinnipeds are similar to other terrestrial mammals, with the 
third eyelid having an associated gland located at the infe- 
rior aspect. Prior references incorrectly called this gland a 
Harderian gland. They also have a main lacrimal gland 
beneath the superior eyelid temporally (Colitz et al. 2011; 
Kelleher Davis et al. 2013). 

As noted previously, the integrity of the precorneal tear 
film is very important to the overall health of the ocular sur- 
face in all species, because the preocular tear film lubricates 
and protects the cornea and conjunctiva from pathogens and 
debris. The precorneal tear film of pinnipeds, like terrestrial 
mammals, has the mucus and the aqueous components; how- 
ever, pinnipeds do not have the lipid component, which in 
terrestrial mammals is made by the Meibomian glands. Marine 
mammals do not have Meibomian glands in their eyelids. 
However, pinnipeds do have sebaceous glands in the outer 
eyelid skin at the eyelid margin, although these do not contrib- 
ute to the precorneal tear film (Kelleher Davis et al. 201D. The 
mucus layer is thicker in pinnipeds than terrestrial mammals, 
though not as thick as in cetaceans. In terrestrial mammals, 
the mucus layer is secreted by the goblet cells in the conjunc- 
tiva, as are electrolytes and water. The mucus layer contributes 
to the eye’s resistance to infection, and the conjunctival cells 
release growth factors that affect ocular surface properties via 
paracrine signaling (Dartt 201). If this is the case in pinniped 
eyes, then it may be an area of imbalance that contributes to 
keratopathy in these species, and thus needs further study. 


Congenital Abnormalities 


The author has identified an eyelid anomaly in a juvenile 
California sea lion (Zalophus californianus) wherein the medial 
aspect of the superior eyelid was adhered or never separated 
embryologically from the nictitating membrane (Figure 23.14). 
Since the nictitating membrane was unable to move normally, 
the attachment was resected to allow proper movement. 

Two congenital anomalies have been identified in three 
Hawaiian monk seals Wonachus schauinslandi; see Chapter 
14). These included microphthalmia in an animal that had 
anomalies of the phalanges and the ileum, as well as con- 
genital cataracts. 

A stranded male yearling harp seal (Phoca groenland- 
ica) was blind and had bilateral pendular vertical nystagmus, 


Figure 23.14 Left eye of a juvenile California sea lion with an anom- 
aly of the third eyelid that is congenitally adhered to the area where the 
dorsal and ventral eyelids meet. This did not allow the third eyelid to 
move properly. 


dyscoria, and suspected cataracts (Erlacher-Reid et al. 201). 
Ocular ultrasonography revealed bilateral, smaller-than-normal, 
cataractous lenses, indicating hypermature resorbed cataracts. 
There was also a retrolental cone-shaped hyperechoic structure 
suggestive of persistent hyperplastic primary vitreous. The iris 
in this harp seal was also unusual, wherein the pupil was not 
only of atypical shape (dyscoria), but the surface of the irides 
was also abnormal, with an excess of iridogonial membranes. 
These could have been persistent pupillary membranes or 
just an excessive number of the strand-like structures normally 
present only in the ciliary region of the iris (Erlacher-Reid et al. 
201D. 

A female South African fur seal (Arctocephalus pusillus 
pusillus) initially presented with diffuse corneal edema, bul- 
lous keratopathy, and corneal ulcers. Due to lack of response 
to medical therapy, severe pain, and blindness, the animal 
was euthanized, after which the eyes were evaluated his- 
tologically. The eyes had persistent tunica vasculosa lentis 
and persistent hyperplastic primary vitreous with bilateral 
resorbed hypermature cataracts and retinal detachments with 
rosette formation (Colitz, Rudnick, and Heegaard 2014). 


Ophthalmic Diseases of Pinnipeds 


Eyelids Except for the eyelid anomaly described above, 
eyelids of seals and sea lions rarely have diseases other 
than traumatic lacerations (Figure 23.15) or eyelid masses 
(Figure 23.16). Eyelids of walrus depigment at the margins 
as they age (Figure 23.17) and, ultimately, are completely 
depigmented. 


Cornea The understanding of keratopathy in all species 
of pinnipeds in human care is increasing. Otariid keratop- 
athy is best described; however, phocids and walrus are 
also affected. Pinniped Keratopathy has three stages, and 
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Figure 23.15 Right eye of a juvenile California sea lion with a small eye- 
lid laceration at the lateral canthus. 


the clinical signs differ slightly among species. Pinniped 
Keratopathy is bilateral in 91% of affected animals (Colitz, 
C.M.H., et al). Examples of Pinniped Keratopathy from six 
different species are shown in Figure 23.18. 


Otariid Keratopathy Stage 1, the earliest stage of keratopa- 
thy, initially presents with perilimbal edema; the limbus may 


Figure 23.16 Left eye of a South African sea lion with a pink corrugated 
ventral eyelid margin mass and a cataractous posteriorly subluxated 
lens. There is also limbal hyperemia and perilimbal edema. 


Figure 23.17 Right eye of a walrus with depigmentation of the ventral 
eyelid. 


have pigment that has migrated from the adjacent conjunctiva. 
This is consistent in all otariids evaluated so far. California sea 
lions will also have pinpoint gray corneal opacities, which may 
or may not be ulcerated and are located at the dorsotemporal 
paraxial location, which is variably painful (Figure 23.19). Signs 
of pain include epiphora, dark crusty periocular debris, and vari- 
able blepharospasm. The pinpoint, fluorescein-positive, superfi- 
cial ulcer is often associated with an indolent-like ulcer that can 
be easily debrided. In some cases, the cornea will be fluorescein 
stain negative but still have signs of pain. This occurs when the 
corneal epithelium has become separated from the underlying 
stroma but there is no obvious ulcer. The pain occurs because 
the loose epithelium is rubbing on the sensitive corneal nerves. 
If debridement is possible, then a burr keratotomy procedure 
should be performed to improve healing (Dawson et al. 2017). 
Unfortunately, most sea lions do not allow debridement under 
behavioral control even with the use of topical anesthesia. For 
this reason, the ulcers tend to fester, causing chronic pain and 
larger opacities, and then are predisposed to secondary oppor- 
tunistic infections. These factors lead to Stage 2 keratopathy. 

Stage 2 lesions also have perilimbal edema, pigmentation 
becomes more apparent crossing the limbus or completely 
obliterating the limbus, and there may be limbal hyperemia 
or thin vessels crossing the limbus dorsotemporally to tem- 
porally. The lesions are associated with an approximately 
10-20% area of corneal opacity including ulceration or abscess 
formation, and edema with or without bullae. The indolent 
ulcer component may have variable stromal loss as well, due 
to secondary infections; the indolent nature of the ulcers has 
been confirmed histologically (Figure 23.20). Stage 2 lesions 
can be very painful when active but comfortable when qui- 
escent (Figure 23.21). Opportunistic infections are com- 
mon and can include Pseudomonas spp., Enterococcus spp., 
Escherichia coli, Aspergillus spp., and Candida spp. 

Stage 3 lesions, the most advanced stage, are diagnosed 
when the opacity encompasses 20-100% of the cornea, 
including ulceration or abscess formation, and diffuse edema 
with or without bullae (Figure 23.22). The lesion will have 
variable stromal loss, pain, and infection. These lesions can 
progress to descemetoceles or perforated corneas. Once the 
keratopathy becomes quiescent, the cornea becomes more 
comfortable, the corneal surface becomes smoother, the 
ulceration does not stain with fluorescein, and the edges of 
the opacity become less diffuse, with clearing of the periph- 
eral cornea. The size of the lesion will determine whether 
it is called a Stage 2 or Stage 3 quiescent keratopathy. Over 
years of progression, amyloid may be deposited in the cor- 
neal stroma, the ciliary body, or both, possibly as a nonspe- 
cific response to chronicity (Miller et al. 2013). 


Juvenile California Sea Lion Keratopathy Young 
California sea lions develop a variant of Pinniped Keratopathy 
at approximately 2—3 years of age. The animals so far observed 
have been located along the Pacific coast (USA), although one, 
which had started to show clinical signs, was transported to 
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Figure 23.18 Bilateral Pinniped Keratopathy in six different species. 


Figure 23.19 Right and left eye of an adult California sea lion with 
Stage 1 Pinniped Keratopathy. 


Figure 23.21 Right eye of a South American sea lion with an axial, 
deep stromal corneal ulcer secondary to bacterial infection in a Stage 2 
Pinniped Keratopathy lesion. 


Epithelial degeneration > 


Figure 23.20 Histopathology of two indolent ulcers from two postmortem globes from two California sea lions with Pinniped Keratopathy. There is 
separation of the epithelium from the underlying stroma as well as epithelial attenuation (left) and degeneration (right). The stromal keratocytes are 
sparse. 
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Figure 23.22 


(a) Right eye of a California sea lion with Stage 3 Pinniped Keratopathy. There is limbal hyperemia and diffuse corneal edema, and an 


axial area where the indolent ulcer’s opening is beginning to separate; (b) Right eye of a California sea lion with Stage 3 Pinniped Keratopathy. There 
is diffuse corneal edema (except dorsally) from 9 to 12 o’clock. The axial dense gray-white opacity has numerous small superficial bullae. 


the Atlantic coast. Corneas develop rapid-onset, severe, dif- 
fuse edema, and large bullae (Figure 23.23). Clinical signs 
gradually resolve with supportive care, including oral and 
topical antibiotics to address opportunistic bacteria and yeast 
infections, nonsteroidal anti-inflammatory medications for 
secondary uveitis, and tramadol for pain lesions resolve leav- 
ing only faint a corneal opacity. Affected eyes develop the 
typical Pinniped Keratopathy as the animals become older, 
making juvenile California sea lion keratopathy a risk fac- 
tor for Pinniped Keratopathy once they reach adulthood. 
The initiation of topical 2% cyclosporine or 0.02% or 0.03% 
tacrolimus BID is suggested to potentially delay the onset of 
Pinniped Keratopathy (Colitz unpubl. data). There is a pos- 
sibility that one cause of this variant may be viral. Most are 
single cases without other animals affected. However, one 


Figure 23.23 Bilateral juvenile California sea lion keratopathy. The right 
eye is more severe than the left eye. Both have severe corneal edema 
with large irregular areas where the surface appears to be concave. 


facility had four out of five animals affected after the initial 
onset; and, they responded to famcyclovir, an oral antiviral 
medication. (J. Zeligs, pers. comm.) 


Phocid Keratopathy arbor seals (Phoca vitulina) are 
less often affected but can manifest acute corneal edema, 
blepharospasm, slightly elevated nictitating membranes, and 
often, secondary infections (Figure 23.24). Harbor seals 
develop lesions most often due to abrupt changes in water 
quality or increased UV exposure. (Colitz unpubl. data). 

Gray seals (Halicoerus grypus) develop the most aggres- 
sive keratopathy (Figure 23.18). Stage 1 has limbal hyperemia 
and faint mild edema involving less than 10% of the cornea. 
As the edema worsens and involves 10-20% of the cornea 
(ie., Stage 2), branching corneal vascularization gradually 
grows into the cornea toward the edema. Pigment migrates 
across the limbus in Stage 2 and is randomly dispersed in the 
cornea in Stage 3. In Stage 3, besides vascularization, edema, 
and pigment dispersion, there is also a white chalky super- 
ficial infiltrate that has not been definitively identified, even 
though it has been submitted for histopathologic evaluation. 

Other seal species also develop clinical keratopathy 
and include Hawaiian monk seals and harp seals. Hawaiian 
monk seals have developed a more aggressive form of kera- 
topathy, likely due to their geographic location and very high 
UV index (Figure 23.25). Harp seals only develop diffuse 


Figure 23.24 Bilateral Pinniped Keratopathy in a harbor seal. The left 
eye has a small round stromal corneal ulcer and diffuse corneal edema; 
the right eye has a large mid- to deep-stromal corneal ulcer with diffuse 

corneal edema. Both eyes have blepharospasm, and the left has peri- 
ocular debris due to ocular discharge. 
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Figure 23.25 Left eye of a Hawaiian monk seal with an oval 
area of dense gray-white corneal opacity due to Stage 3 Pinniped 
Keratopathy. The surface is irregular due to numerous tiny bullae. 


edema, though other lesions might like occur if they lived in 
lower latitudes closer to the equator. 


Walrus Keratopathy Pinniped Keratopathy in walrus 
presents differently from that in otariids and is more like that 
seen in phocids (Figure 23.17). Stage 1 initially appears as 
mild perilimbal and axial corneal edema. Pigment migration 
over the limbus is common, but it does not migrate into the 
cornea as in other pinniped species. Limbal vascularization 
and hyperemia, and corneal vascularization are common. 
Stage 2 has progressing and denser diffuse gray corneal 
opacity, consistent with edema with corneal vascularization, 
lesions are usually axially located. Stage 3 encompasses more 
than 20% of the cornea, with diffuse edema, and can include 
stromal loss that can progress to perforation. 


Therapeutic Strategies for Pinniped Keratopathy Aggres- 
sive topical and oral antibiotic, anti-inflammatory, and pain 
medications are commonly used to address painful keratopathy 
in pinnipeds. Topical antibiotics should address opportunistic 
aggressive Pseudomonas spp. and coliform infections. They 
should include topical aminoglycosides (tobramycin or gentami- 
cin) and other complementary topical antibiotics used include 
neomycin—polymyxin B-gramicidin, chloramphenicol, and the 
quinolones (Ofloxacin, gatifloxacin, etc.). Topical solutions or 
suspensions are used in pinnipeds, because ointments can be 
more difficult to administer in some animals. A palpebral lavage 
system involving a catheter sutured in place has been used suc- 
cessfully in harbor seals though they require general anesthesia 
to place and remove (described in Borkowski et al 1999). Oral 
doxycycline is used in all corneal ulcers or abscesses, and fur- 
ther discussion is in the cetacean section. 

Pain medications often used are the nonsteroidal anti- 
inflammatory drugs (NSAIDs, such as carprofen and meloxi- 
cam) and tramadol. The use of topical NSAIDS is helpful in 
controlling pain and used in addition to oral medications, 
particularly in some animals with severe blepharospasm. 
However, topical NSAIDS can slow epithelialization of corneal 
ulcers, so their use should be judicious. Tramadol dosing can 


be variable; begin by underdosing and increase to effect. The 
use of tramadol also allows the use of a lower dose of NSAIDs. 

Due to the indolent nature of the ulcerations, these require 
debridement and burr keratotomy (Dawson et al. 2017). This 
procedure usually requires a short anesthetic event. Thus, if 
the pinniped can be trained to allow such a procedure under 
mild sedation, behavioral control and topical anesthesia, it 
could be safer and allow faster healing. 

Exposure to UV radiation upregulates the production of 
matrix metalloproteinases-2 and -9 (Chandler, Kusewitt, and 
Colitz 2008). Lesions occurring in the cornea directly related 
to UV exposure include loss of keratocytes (corneal stromal 
fibroblasts), corneal stromal thinning, corneal vascularization 
and fibrosis, and corneal perforation (Newkirk et al. 2007). 
Stromal loss during keratopathy, and infected corneal ulcers 
and abscess formation occur due to release and activity of 
matrix metalloproteinase-9 by neutrophils, some bacteria and 
fungi, and keratocytes. The combination of chronic exposure 
to UV light and repeated infected corneal ulcers explains why 
the corneas of marine mammals often have many of these 
abnormalities. Secondary uveitis that can occur from chronic 
keratopathy is also an important consideration. The chronic 
keratopathy likely causes secretion of matrix metalloprotein- 
ase-9 into the aqueous humor, and this degrades the fibrillin 
that comprises the lens zonules. Low grade subclinical anterior 
uveitis contributes to cataractogenesis and lens instability, both 
common in pinnipeds. Potential ways to inhibit the activity of 
matrix metalloproteinase-9 include the use of oral doxycycline 
and supplements such as turmeric. Due to the role of oxida- 
tive stress, including UV radiation, in Pinniped Keratopathy, 
the long-term prophylactic use of a variety of oral antioxidants 
such as grape-seed extract, lutein, omega-3-fatty acids, and 
alpha lipoic acid, among others, is strongly recommended. 


Basic Treatment Protocol for Pinniped Keratopathy For 
an eye with acute mild to moderate blepharospasm and vis- 
ible corneal edema, and that stains negatively with fluores- 
cein stain without obvious infection, the following treatment 
protocol is recommended: 


¢ Either topical or oral NSAIDs are often enough to 
stop flare-up. Commonly used NSAIDs include topi- 
cal ketorolac or nepafenac (Nevanac; 1-2 drops BID 
to TID), oral carprofen (1-2 mg/kg PO BID), or oral 
meloxicam (0.1 mg/kg PO SID); 

¢ Ifthe blepharospasm does not improve and resolve in 
2-3 days, or worsens rapidly, then it is important and 
necessary to initiate use of topical and oral antibiotics. 


For an eye with suspected secondary bacterial infections, 
treatment of keratopathy is as follows: 


* Use topical tobramycin (-2 drops TID-QID) and 
neomycin—polymyxin B-gramicidin (-2 drops TID 
to QID), and oral doxycycline 4-5 mg/kg PO BID). 

* Continue oral NSAIDs as detailed above. 
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¢ Add oral tramadol (0.5-2 mg/kg PO BID), although, 
as noted above, the dose range is variable. 

° If the eye(s) is not opening to allow topical medica- 
tions, begin oral fluoroquinolone therapy with either 
enrofloxacin (3.5mg/kg PO BID) or ciprofloxacin (10 
mg/kg PO BID). 


Control of Pinniped Keratopathy ‘The topical use of 2% 
cyclosporine or 0.02% or 0.03% tacrolimus at BID to TID 
dosing has helped to control Pinniped Keratopathy. By con- 
trol, we mean less intense flare-ups and/or longer intervals 
between flare-ups. Since pinnipeds do not routinely heal by 
corneal vascularization, the inhibition of vessel growth by 
tacrolimus does not appear to interfere with healing (Colitz 
unpubl. data). Over the past 5 years, the surgical placement 
of episceral subconjunctival cyclosporine implants in pinni- 
ped eyes has helped the majority of eyes become or remain 
quiescent for longer periods. The length of time that these 
are clinically efficacious is unknown, and eyes that have the 
original implants to date continue to do well. A few eyes 
that improved somewhat but not as expected had a second 
implant placed, and the eye(s) improved thereafter, as long as 
water quality is relatively well controlled. 


Lens 

Cataracts The crystalline lens lacks a blood supply and 
has no innervation, yet has to remain transparent for the life 
of the host to maintain sight. Loss of sight due to cataracts 
occurs in all species, due to natural aging, genetic causes, 
secondary to inflammation (ie., uveitis), exposure to exces- 
sive oxidative stress, secondary to metabolic disease (.e., 
diabetes mellitus), exposure to excessive UV light Ge., sun- 
lighD, and blunt or penetrating trauma. Other causes include 
exposure to other forms of radiation (e.g., x-rays, atmospheric 
radiation), exposure to cigarette smoke and other toxins, sec- 
ondary to retinal degeneration, and more (Zigler et al. 1983; 
Zigler and Hess 1985; Avunduk et al. 1999; Davidson and 
Nelms 2013). Lens instability G.e., subluxation or luxation) 
can be a sequela to chronic uveitis, as noted above, when 
the attachments of the zonules and ciliary processes to the 
lens are degraded by exposure to matrix metalloproteinase-9, 
secreted during uveitis. 

Risk factors associated with cataracts and lens instability 
in pinnipeds include aging (being 215 years of age), having a 
history of fighting, having a history of any eye disease (most 
commonly keratopathy, discussed earlier), and lack of shade 
(i.e., exposure to excessive UV light or sunlight; Colitz et al. 
2010). Pinnipeds without access to any shade were almost 10 
times more likely to develop cataracts or lens instability, or 
both, than animals with access to shade (Colitz et al. 2010). 
This study also showed a gradual increase in cataract preva- 
lence as animals aged. Pinnipeds as young as 6-10 years of 
age had a 21% prevalence of cataracts, and those between 11 
and 15 years of age had a 58% prevalence of cataracts. 


Cataract Treatment While cataracts and lens insta- 
bility are amenable to surgical intervention, finding a way 
to delay the onset of visually impairing cataracts by even 
5 years may allow these animals to avoid surgery. Surgery 
has been successfully performed on hundreds of pinnipeds 
with cataracts with or without anterior lens luxations. The 
most important aspect of these successful surgeries has been 
the evolution of expertise in the use of anesthesia in these 
unusual animals. 

The success of the surgeries is not only dependent on 
the skill of the ophthalmologist and the anesthesiologist, and 
their support team on the day of surgery, but also depends on 
training prior to surgery, which is imperative to optimize the 
outcome. Animals need to be trained to consistently target for 
eye drops and trained to consistently eat to take oral medica- 
tions as directed (see Chapter 39). They must be acclimated 
to be dry-docked for up to 3 weeks without an excess of anxi- 
ety. Other ideal behaviors include allowing tonometry with a 
TonoVet tonometer (Figure 23.26), close evaluation with a 
slit lamp biomicroscope in a dimmed room, voluntary blood 
sampling, inhalation of anesthesia gas through a cone, and 
ocular ultrasound. 


Lensectomy and Phacoemulsification The goal of 
lensectomy is to alleviate pain, and ideally, regain sight. The 
ideal patient is one with progressive cataracts that have not 
luxated anteriorly (Figure 23.27a) and that have minimal to 
no corneal opacities secondary to Pinniped Keratopathy or 
active keratopathy. Anterior lens luxations (Figure 23.27b) 
that are acute to subacute result in minimal to no corneal 
opacities associated with the lens luxation once healed from 
surgery. Most eyes with chronic anterior lens luxations will 
still regain sight and will have a resolution of pain, but will 
usually have a variably sized corneal opacity consistent with 
fibrosis. Uncommon postoperative complications include 


Figure 23.26 A California sea lion having tonometry performed on the 


left eye with a rebound tonometer. 
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Figure 23.27 (a) Right eye of an adult California sea lion with a few areas of pigment crossing the limbus medially to ventrally. There is also a 
mature cataract evident though the pupil. (b) Left eye of a California sea lion with an anteriorly luxated lens that has an immature cataract. The cornea 
has diffuse edema where the lens is touching the endothelial surface of the cornea, and there is vascularization growing into the cornea temporally. 


endophthalmitis, retinal detachment, concurrent corneal 
ulceration, or corneal ulceration that occurs postoperatively. 
Harbor seals appear to be predisposed to lipid keratopathy 
postoperatively. Harbor seals are unusual because if they 
have an anterior lens luxation at the time of surgery, the 
cornea surrounding the corneal opacity may continue to 
become edematous following surgery due to corneal endo- 
thelial degeneration; this is different from other pinnipeds, 
where the cornea surrounding the permanent corneal opac- 
ity will regain transparency. An interesting species-specific 
abnormality that occurs in blind California sea lions, typi- 
cally secondary to progressive cataract formation, is medial 
strabismus (Figure 23.28). If this is identified in the early 
stages, physiotherapy to keep the retrobulbar muscles from 
contracting will stop its progression and in some cases, 
completely resolve the strabismus. It is hypothesized that 
the medial rectus muscle contracts gradually due to lack of 
sensory input (Colitz unpubl. data). This muscle can be tran- 
sected at the time of lensectomy to allow improved globe 
movement. 

The cataractous lens of pinnipeds is very dense once they 
reach 2 years of age, and even at that age can be unstable and 
subluxate or luxate completely. Successful phacoemulsifica- 
tion has been performed on pups (Colitz, Grubb, and Razner 
2011; Esson et al. 2015), since their cataractous lenses are not 
as dense as those of older pinnipeds. This allows for a small 
incision to be used, which shortens recovery and dimin- 
ishes the risk of retinal detachment. Retinal detachments are 
not common in adult pinnipeds that develop cataracts due 
to aging, exposure to UV, or the other risk factors. Retinal 
detachments have been diagnosed in California sea lions that 


Figure 23.28 Left eye of an adult California sea lion with an anteriorly 
luxated cataractous lens and severe medial strabismus. 


stranded as pups, yearlings, or juveniles and exhibited cata- 
racts. Some eyes from these animals had degenerated vitre- 
ous at the time of surgery and developed retinal detachments 
within months to a few years postoperatively. Lens removal in 
animals with known retinal detachments has been performed 
in order to retain a cosmetic globe, despite the animal being 
blind. Eyes with retinal detachment are also predisposed to 
secondary glaucoma, although this is uncommon in pinni- 
peds (Colitz unpubl. data). 

The lens capsules of pinnipeds must be removed in their 
entirety if possible, or as much as possible, due to the aggres- 
sive anterior and posterior capsular opacification that occurs 
within 1 year of surgery, which can cause diminished sight or 
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blindness. However, at a later date, successful removal of any 
remaining lens capsule can be performed to help regain sight. 


Glaucoma Glaucoma is rare in pinnipeds and is typically 
secondary; only one patient, to date, has been diagnosed with 
unilateral primary glaucoma. In pinnipeds, the normal range 
of IOPs is 24-39 mmHg (Mejia-Fava et al. 2009). Aberrantly 
elevated IOP measurements depend on the animal’s tempera- 
ment and demeanor. Therefore, desensitization to tonometry 
measurement is important for accurate recordings. The most 
consistent clinical signs of glaucoma in pinnipeds include dif- 
fuse corneal edema and a slight to moderate dilation of the 
pupil in ambient light (Figure 23.29). Histological changes 
are described below under Fundus. 

Pinnipeds respond well to topical and oral carbonic 
anhydrase inhibitors in combination with appropriate anti- 
inflammatory medications to control underlying uveitis (Colitz 
unpubl. data). Very few eyes respond to topical prostaglan- 
din analog medications (Marrion pers. comm.; Colitz unpubl. 
data). Specific carbonic anhydrase inhibitors used for pinni- 
ped glaucoma are either 2% dorzolamide or 2% dorzolamide 
combined with 0.5% timolol; both are available as generic 
medications. Their use should be started at 1-2 drops TID 
or QID. The nongeneric Azopt (1% brinzolamide) can also 
be used but is very expensive and does not have any clinical 
advantage over dorzolamide. Oral carbonic anhydrase inhibi- 
tors include methazolamide and dichlorphenamide, and they 
are used at a dose of 2 mg/kg PO BID. 


Fundus The most common lesion affecting the pinniped 
fundus is retinal detachment in eyes with chronic cataracts. 
Retinal detachments occur primarily in younger sea lions 
that stranded with cataracts. One subadult harbor seal with 
chronic hypermature cataracts also had complete retinal atro- 
phy that was replaced by cell-poor, collagen-rich connective 
tissue and optic nerve atrophy (Dubielzig pers. comm.). The 
significance of the changes is unknown. A mature California 
sea lion with chronic hypermature luxated cataracts and 


Figure 23.29 Left eye of an adult harbor seal with diffuse corneal 
edema and vascularization. The pupil is dilated and unresponsive to light. 
The lens is not evident and may be cataractous and posteriorly luxated. 


chronic keratopathy also had one buphthalmic globe. This 
eye had diffuse inner and outer retinal atrophy with gliosis 
and atrophy of the optic nerve (Dubielzig pers. comm.). Other 
globes with chronic secondary glaucoma had decreased num- 
bers of ganglion cells in the inner retina. 

Metastatic lymphoma has been diagnosed in the choroid 
of one California sea lion. 


Other Ophthalmic Surgical Procedures 
(Cetaceans and Pinnipeds) 


In addition to intracapsular and extracapsular cataract extrac- 
tion, corneal ulcer and perforation repair, eyelid mass removal, 
episcleral cyclosporine implantation, and enucleation have 
been performed. Corneal repair procedures for mid to deeper 
stromal corneal ulcers and corneal perforations have been 
successful with or without concurrent lensectomy. The types 
of repair approaches include BioSIS or A-Cell tectonic grafts 
to repair corneal perforations covered by a conjunctival flap 
(Figures 23.30 and 23.31). Ophthalmic surgery on a female 
bottlenose dolphin was performed to excise a limbal mela- 
noma (Schmitt et al. 2014). 


Anesthesia for Ophthalmic Surgery 


Ophthalmic surgery in pinnipeds differs from that of terres- 
trial mammals in a few ways (Colitz, C.M.H. and J.E. Bailey 
2017). The positioning of pinnipeds is typically sternal, slightly 
tilted, or laterally recumbent, with the head turned to position 
the eye appropriately for the surgical approach. Anesthesia 
of pinnipeds and cetaceans is reviewed in Chapter 26, so 
here we only discuss specific anesthetic considerations for 
ophthalmologic procedures. 

The first step is to determine whether immobilization 
and/or general anesthesia is necessary to perform the pro- 
cedure. In general, anesthesia will be necessary for ophthal- 
mologic surgery, while behavioral control or immobilization 
only may be needed for examination. Local anesthesia with 
regional infiltration of lidocaine can enable examination of 
the sea lion eye with sedation, rather than general anesthesia 
(Guttierez et al. 2016). Training for medical procedures can 
allow a preanesthetic health assessment in managed popula- 
tions (see Chapter 39). Unfortunately, changes in vision, as 
well as pain associated with many eye problems, can lead to 
loss of useful medical behaviors. Preoperative analgesia may 
be necessary, and trainers must be vigilant to maintain neces- 
sary medical behaviors. Given that ophthalmologic surgical 
procedures are often performed on geriatric patients in man- 
aged populations, the preanesthetic health assessment is vital 
to identify other potential underlying disease states. 


Choice of Anesthetic Alpha-2 agonists have been used 
in pinnipeds but have proven problematic for geriatric oph- 
thalmologic patients. Alpha-2 adrenergic agonists, such as 
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Figure 23.30 Right eye of an adult California sea lion that had a chronic 
axial corneal perforation. (Top) The cornea has diffuse fibrosis, edema, 
and vascularization. The perforation is evident axially. (Middle) The 
perforation repaired with BioSIS sutured with numerous 8-0 vicryl sutures. 
(Bottom) The conjunctival flap sutured over the BioSIS graft. The cata- 
ractous lens was also removed. 


Figure 23.31 


(Left) The right eye of an adult California sea lion from 
Figure 23.30. The conjunctival flap has healed well, and is smooth and 
diffusely pigmented. The surrounding cornea is diffusely edematous with 
fibrosis and vascularization. (Right) The right eye of a walrus that had a 
conjunctival flap for a stromal ulcer. The remaining cornea has diffuse 
fibrosis, edema, and mild vascularization. 


medetomidine and dexmedetomidine, will provide profound 
sedation, analgesia, and muscle relaxation, and are reversible. 
Unfortunately, they also cause bradycardia, interfere with con- 
tractility of the heart, and cause peripheral vasoconstriction 
leading to increased afterload. These effects are of great con- 
cern in older animals. Alpha-2 agonists also reduce renal blood 
flow in healthy subjects, under optimal conditions even at low 
dosages. Also, the alpha-2A-adrenoceptor is the alpha-2-adre- 
noceptor subtype primarily involved in the regulation of blood 
glucose homeostasis. Alpha-2 agonists should be considered 
a poor choice in the patient with poor glycemic control. The 
reversibility of alpha-2 agonists is enticing; however, sudden 
reversal and reduction in afterload could lead to cardiovascular 
collapse in patients with limited cardiovascular reserve, such as 
the geriatric patient. Further, the authors have observed exces- 
sive perioperative intraocular hemorrhage leading to mild to 
moderate hyphema in pinnipeds where alpha-2 adrenergic 
agonists (or the reversal agent atipamezole) have been used, 
and note a historically high negative outcome rate in ophthal- 
mologic cases receiving medetomidine or dexmedetomidine 
(Colitz unpubl. data). For these reasons, in many geriatric oph- 
thalmologic marine mammal patients, the alpha-2 agonists, 
despite their reversibility, are a poor choice, although alpha-2 
agonists can be useful in young animals. The practitioner will 
need to carefully weigh the risks and benefits of this choice. 


Neuromuscular Block Neuromuscular blockage is often 
needed for ophthalmologic procedures of pinnipeds and 
cetaceans to centralize and immobilize the eye. It had long 
ago been reported that delphinids lack plasma cholinester- 
ase (Nagel, Morgane, and McFarland 1966), and thus, the 
depolarizing neuromuscular blocker, succinylcholine, was 
not recommended for use in these species (Ridgway and 
McCormick 1967). Over time, false dogma developed sug- 
gesting that this meant all neuromuscular blocking agents 
could not be used. However, atracurium, which undergoes 
simple Hofmann degradation (elimination), has been used 
successfully for neuromuscular blockade in phocids, otariids, 
odobenids, and delphinids. Even though easily eliminated 
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from pinnipeds and cetaceans, any residual muscle weak- 
ness caused by atracurium can be antagonized by delivery 
of edrophonium. Delivery of edrophonium should be done 
slowly, while closely monitoring, to avoid or detect bradycar- 
dia, which has been rarely observed in pinnipeds. The need 
for edrophonium can be assessed in part by use of nerve 
stimulators, but they are rather imprecise for fully judging any 
residual paralysis. New true reversal agents, like suggamadex 
in combination with rocuronium, will likely replace the use 
of atracurium in pinnipeds and cetaceans in the near future. 


Vasovagal Reflexes Although a full dive response may not 
be triggered during general anesthesia, the anesthetist should 
be aware of another related trigeminocardiac reflex—the oculo- 
cardiac reflex—that can still be triggered during anesthesia for 
eye surgery of marine mammals; it is a well-known, albeit rare, 
cause of cardiac arrest during eye surgery of mammals. This 
reflex is observed during traction on extraocular muscles and is 
greatly exaggerated in the presence of hypoventilation, hypox- 
emia, and acidosis, yet can be prevented by a retrobulbar local 
anesthetic block or administration of parasympatholytic drugs. 


Prophylaxis: Nutraceutical Antioxidants 


Lutein, zeathanthin, lycopene, and astaxanthin are non— 
provitamin A carotenoids in plants, algae, vegetables, and 
photosynthetic bacteria that are important in ocular health 
(Mojanty et al. 2002; Takaichi 201). They selectively accu- 
mulate in the lens and retina (dietary beadlet form of lutein 
was detectable in the blood and retinas of supplemented 
marine mammals) and act as a natural ocular “sunblock,” hav- 
ing protective effects against light-induced oxidative damage 
and aging (Bernstein et al. 2001; Krinsky 2002; Seddon 2007; 
Mejia-Fava et al. 2010; Koutsos et al. 2013). 

Piscivorous aquatic mammals do not directly consume 
plants and algae, but herbivorous fish do. When these fish 
are flash-frozen, vitamin levels start to degrade, and anti- 
oxidants are lost during freezing (Mejia-Fava et al. 2014). 
Polyunsaturated fatty acids in fish remain fluid at low temper- 
atures, but during thawing, the moment the fish are exposed 
to oxygen, these polyunsaturates become unstable, leading to 
lipid peroxidation (see Chapter 29). 

Omega-3 fatty acids such as docosahexaenoic acid and 
eicosapentaenoic acid in fish protect the vascular and neural ret- 
ina against inflammatory, light-related, ischemia-related, oxygen- 
related, and age-related pathology (Seddon 2007; Yee et al. 2010). 

Vitamin E is the major antioxidant present in cell mem- 
branes; it is highly concentrated in rod outer segments and ret- 
inal pigment epithelium (Bartlett and Eperjesi 2004). Vitamin 
E may also protect vitamin A from oxidative degeneration in 
the retina. Vitamin E is a lipophilic antioxidant that interferes 
with lipid peroxidation (Kutlu et al. 2005). If peroxidation 
occurs in fish, this consumes vitamin E, leading to rancidity. 
Vitamin E should be administered with another antioxidant 


such as vitamin C or grape seed extract. These reduce the 
tocopheroxyl radicals back to their active state (Rahmah 2007). 

Grape seed extract and alpha lipoic acid, an organosulfur 
compound, potentiate the effects of vitamins C and E and 
inhibit formation of certain types of cataracts in animal mod- 
els by increasing glutathione, the predominant antioxidant 
system in the lens (Durukan et al. 2006). Flavonoids such as 
grape-seed extract, bilberry, silymarin, and pine bark are phy- 
tochemicals with ocular antioxidant and anti-inflammatory 
properties. The combination of bilberry, pine bark, and coen- 
zyme Q10 can potentially be used for the control of IOP in 
early glaucoma patients, protecting retinal ganglion cells from 
ischemia/reperfusion injury (Mozaffarieh et al. 2008). Bilberry 
retarded or prevented cataract progression in rats with cat- 
aracts secondary to retinal degeneration (Pautler and Ennis 
1984; Hess et al. 1985). In summary, a supplement formula that 
encompasses a combination of ocular antioxidants is recom- 
mended in piscivorous aquatic mammals. 
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Introduction 


Diagnostic imaging (radiology) is applied frequently around 
the world in captive and free-ranging marine mammals 
in order to help with health status screening, diagnosis of 
disease, and monitoring of response to therapy in live ani- 
mals. While its use in live animals needs no explanation, 
diagnostic imaging has also been used postmortem to help 
determine cause of death (St. Leger et al. 2011; Danil et al. 
2014). Imaging modalities that have been utilized in marine 
mammals include ultrasound, radiography (survey and con- 
trast), computed tomography (CT), diagnostic magnetic res- 
onance imaging (MRD, MRI spectrography, functional MRI 
(fMRD, positron emission tomography (PET), nuclear scintig- 
raphy, and single positron emission computed tomography 
(SPECT). At this time fMRI, MRI spectrography, and nuclear 
medicine are more frequently used in clinical and physiologi- 
cal research than as a diagnostic tool (Houser et al. 2004; 
Smith et al. 2010; Cook et al. 2015). Regardless of the imaging 
modality being used, a thorough understanding of the nor- 
mal imaging anatomy is needed to determine when genuine 
pathology is present (Dennison and Schwarz 2008; Dennison, 
Forrest, and Gulland 2009; Montie et al. 2009; Ivanéié, Solano 
and Smith 2014). 

The goal of this chapter is to describe the general princi- 
ples of diagnostic imaging study acquisition and image trans- 
fer, as well as provide considerations for diagnostic imaging 
modality selection. The discussion of specific radiology phys- 
ics and imaging findings in individual disease processes is 
beyond the scope of this chapter, and readers seeking that 
information are directed to the sources listed in Box 24.1. 
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BOX 24.1 ADDITIONAL SUGGESTED RESOURCES 


Websites: 


http://www.marinemammalradiology.com 


Provides examples of multiple imaging modalities, as well as normal and abnormal studies in pinnipeds, small 


cetaceans, and sea otters. 
http://csi.whoi.edu/ 


Provides examples of multiple postmortem CT studies with an emphasis on 3-D reconstructions developed with 
grants awarded to researchers at Woods Hole Oceanographic Institute’s Computerized Scanning and Imaging 


(CSD Facility. 


http://www.ctisus.com/redesign/teachingfiles/veterinary 
A general computed tomography (CT) imaging website that recently started a veterinary collection of cases that 


includes some aquatic animal species cases. 


Textbooks: 


Saviano, P. 2013. Handbook of Ultrasound in Dolphins: Abdomen, Thorax and Eye. Parma: P. Saviano, 188pp. A 
downloadable electronic book that contains diagrams to demonstrate acoustic windows and examples of nor- 


mal and abnormal ultrasound findings in dolphins. 


Schwarz, T., and J. Saunders. 2011. Veterinary Computed Tomography. West Sussex, UK: John Wiley & Sons Ltd, 
576pp. A general veterinary CT book based on small animals and exotic “pocket pets.” Contains explanation of 
CT physics and serves as a good guidance for selection of CT protocols that can be applied to marine mammals. 
The chapters contain correlation between CT observations and final histological diagnoses that may be applied 


across species. 


Wisner, E., and A. Zwingenberger. 2015. Atlas of Small Animal CT and MRI. West Sussex, UK: John Wiley & Sons 
Ltd, 704pp. Based on canine and feline cases, this book contains useful examples that correlate CT and MRI 
findings, including final diagnoses, making it applicable across species. 


DICOM Images, Viewing Software, 
and Picture Archive and 
Communication Systems (PACS) 


The standard file for medical images is DICOM (dem). This 
is a standardized file that can be viewed and manipulated on 
any DICOM viewing software (Wright et al. 2008). Once the 
DICOM files have been created by the imaging modality, they 
are sent to and stored in a PACS (picture archiving and com- 
munication system). The PACS is a server with software that 
can read the DICOM information embedded in the images to 
permit appropriate listing and archiving of the images, so that 
they can be retrieved from the system as needed (Robertson 
and Saveraid 2008). Diagnostic imaging studies are consid- 
ered part of the medical record and must be stored for the 
same duration as other written medical records. As there is 
always a risk that technology can fail or be lost, an off-site 
backup of the PACS is advised, and many companies provide 
cloud backup systems for this purpose (Wallack 2008). 
DICOM files are large-sized files, and this permits post- 
processing manipulation, such as magnification, window- 
ing and level (contrast and brightness alteration), inversion, 
subtraction, different forms of 3-D reconstructions, and syn- 
chronization of images relative to each other without loss of 
detail or degradation of the image—things not possible using 


other types of files. Specialized DICOM software is needed to 
view DICOM images, and high-resolution computer monitors 
are recommended for the most accurate assessment of those 
images. Many software options are available for PC and Mac 
computers, and both open-source (free) and licensed (pay- 
per-license or pay-per-site) options are available. Many of the 
open-source software options available provide more than 
enough capability for clinical diagnostic imaging studies by 
marine mammal veterinarians. 


Image Interpretation 


Image interpretation should be performed on a dedicated 
workstation in a room where the room lighting can be 
reduced to an ambient level, and away from distraction. High- 
resolution monitors are now widely available and are more 
financially viable for many facilities than medical-grade moni- 
tors. The monitor brightness should be maximized, and if 
calibration of the screen is available, such calibration should 
be performed at least annually to maintain quality. Window 
and level for each image (contrast and brightness) may need 
adjustment to optimize the image appearance and can be 
performed on the workstation, as can other image manipula- 
tions more specific to the individual study type. When images 
for any imaging modality are being assessed, the assessment 
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should be performed in a systematic manner, and the same 
systematic approach used on every study. Regardless of the 
method employed, the entire image should be evaluated to 
ensure that pathology is not missed. A written report should 
be provided for the medical record for every study performed. 


Imaging Modality Selection 


It is necessary to select an appropriate imaging modality 
that best addresses clinical needs. Beyond size and weight 
limitations of the patient for using a specific modality, other 
important considerations are the accessibility and feasibility 
of transportation to external imaging facilities, and the ability 
to sedate/anesthetize when determining the best course of 
action for each patient. Furthermore, the potential need for 
serial or follow-up imaging for disease or treatment monitor- 
ing and the ability to tissue-sample during the study may be 
factors that need consideration. Table 24.1 summarizes the 
suggested imaging modality for a region of interest, assuming 
that no limitations regarding patient size/weight, cost, access, 
or transportation exist. 


Radiography 


Digital radiography is an umbrella term that refers to com- 
puted radiography (CR) and direct radiology (DR), two differ- 
ent technologies that result in a final digital DICOM image. 


The emergence of financially viable CR and DR digital radi- 
ography units has improved the quality of studies performed 
and reduced the labor and time involved. CR and DR permit 
rapid image acquisition and assessment, and processing and 
postprocessing software has further advanced image quality 
even with the limitations of x-ray generator capabilities. CR 
units have an intermediate “image development” step, where 
the image detector is passed through a laser image reader 
after exposure to obtain the image, whereas many DR sys- 
tems can display the final image in under 10 seconds follow- 
ing the exposure (Widmer 2008). 

In addition to the traditional wired systems that may be 
stationary (fixed in a radiology suite) or somewhat portable, 
partially wireless and truly wireless portable units now exist 
permitting safer poolside, pen-side, and beach acquisition of 
images, when needed. However, adequate protection of the 
x-ray equipment to prevent contact with water at the time of 
use is a necessity, regardless of whether or not the system and 
its peripherals are wired. 

When considering purchasing new x-ray equipment, it is 
preferable to evaluate the equipment being considered on-site 
at the facility where it will be used—on actual patients— 
rather than relying on example images provided by vendors. 
Complete systems are sold by multiple vendors around the 
world, and x-ray tubes and digital radiography systems (the 
plate, computer, and software) may be purchased separately 
depending on the needs of the facility. For example, VetRocket 
has developed a DR system that is widely used in marine 


General Rules for Selection of the Imaging Modality (Based on Body Region) Assuming Ability to Optimize the Study 


Table 24.1 
Appropriately 

Radiography Ultrasound 
Nasal cavity + = 
Aural structures 
External ear ++ - 
Middle ear + - 
Inner ear - - 
Ocular structures - ++ 
Head—general + = 
CNS = + 
Limbs—osseous ++ +/— 
Limbs—soft tissues +/- ++ 
Thorax 
Cranial mediastinum ++ ++ 
Pleural space ++ ++ 
Lymph nodes —/+ ++ 
Heart ++ ++ 
Airways ++ = 
Lung surface + ++ 
Deep lung tissue ++ is 
Abdomen + ++ 
Pelvis + +/- 
Spine (osseous structures) ++ - 


Survey CT CT Preconirast and Posicontrast MRI 
++ +++ IV contrast ++ 
+4++ +++ IV contrast +44 
+4++ +++ IV contrast ++ 
+ + IV contrast ++ 
+ ++ IV contrast +44 
++ +++ IV contrast ++ 
+ ++ IV contrast (brain/spine) s+ 
++ Myelogram (spine) 
+++ +++ IV contrast ++ 
+ ++ IV contrast +44 
++ IV contrast 
+++ +++ ++ 
+++ +++ ++ 
+ +++ + 
+ ++ + 
+44 +++ _ 
+44 +++ x 
+44 +++ _ 
+ +++ IV contrast ++ 
+4++ +++ IV contrast ++ 
+4++ +++ IV contrast ++ 


Note: (—) Poor or not applicable; (+) modality can be used but significant limitations may exist; (++) good; (+++) excellent. 
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mammal facilities across Northern America (VetRocket, LLC 
2065 Martin Avenue #106, Santa Clara, California 95050, USA). 

The use of x-ray equipment has practical considerations 
and limitations. Patient size is a factor, as is the x-ray tube’s 
penetrating power (kVp) and the quantity (mA) of x-ray pho- 
tons that it can produce. Different x-ray tubes have differ- 
ent capabilities, and more powerful machines are larger and 
heavier than less powerful models. The use of tripods or 
other devices to support portable x-ray tubes is suggested 
wherever possible, to limit tube movement during the expo- 
sure and to protect personnel from injury. Care must be taken 
with image detector plates, as they are susceptible to damage 
and expensive to replace. Using large plastic bags and a plas- 
tic protective case—that does not attenuate the beam—helps 
to ensure no water enters the detector. Further, because the 
largest image detector plate available may be too small to 
cover an entire body region in a large marine mammal, using 
multiple overlapping images can ensure that the entire region 
is included in the projection. 

Minimally orthogonal views (at least one complete lat- 
eral, and either ventrodorsal [VD] or dorsoventral [DV] projec- 
tions, depending on the species) are necessary for accurate 
radiographic assessment of body regions, and acquisition of 
both lateral projections in thoracic and abdominal studies can 
be extremely helpful, particularly in larger animals. Acquiring 
horizontal-beam lateral projections in dolphins, in addition 
to the traditional vertical-beam projections, can be very valu- 
able for improving conspicuity of subtle pulmonary lesions 
in larger dolphins, and horizontal-beam DV/VD views are 
very helpful for identification of small-volume pneumotho- 
rax and pneumoperitoneum. Horizontal-beam projections are 
achieved by sending the x-ray beam across the patient from 
side to side parallel with the ground, rather than through the 
patient from dorsal perpendicular to the ground (Figures 
24.1 and 24.2). 


Figure 24.1 Setting up for a horizontal-beam dorsoventral (DV; lateral 
decubital) projection of the cranial thorax. The image detector has 
been wrapped in plastic to protect it from water contact. (Courtesy of 
M. Manley.) 


Figure 24.2 Setting up for a horizontal-beam lateral projection of the 
head. The image detector has been wrapped in plastic to protect it from 
water. The dolphin has been placed on top of a plastic chute that has an 

open central channel that the image detector can be placed in for protec- 
tion during standard vertical-beam exposures. The chute also allows the 
detector to be moved between exposures without needing to move the 
patient. The x-ray tube is suspended from and supported by a tripod with 
an extending arm. (Courtesy of M. Manley.) 


The feasibility for horizontal-beam projections relies on 
the ability to change the position of the x-ray tube and is 
often limited to systems that use a portable tube system. It is 
important to remember that the image detector must also be 
moved so that it remains perpendicular to the direction of the 
primary x-ray beam. 

The only exceptions to acquiring orthogonal views are 
the flippers (distal to the carpus and tarsus). In this case, only 
the dorsoplantar (DP) views are generally helpful because 
of superimposition of the digits. If screening for evidence of 
metal prior to MRI, a single projection may be adequate, but 
orthogonal views would be needed for more accurate local- 
ization if removal might be considered. 

Survey radiography is most helpful for assessment of 
dental, thoracic, and skeletal structures, when evaluating for 
evidence of gunshot or radiopaque foreign body injection, or 
when looking for evidence of gastrointestinal ileus (mechani- 
cal obstruction or functional ileus). More information on den- 
tal radiography can be found in Chapter 22. Additionally, 
marine mammal lung tissue is designed to collapse easily 
when pressure is applied to the thoracic wall, so acquisition 
of thoracic views on full inspiration for all views is recom- 
mended, whenever possible. 

Poor subject abdominal detail due to very low volumes 
of intra-abdominal fat and an often generous blubber layer 
limits the use of survey radiography in abdominal cases, 
despite the advances in radiography technology that have been 
made. Contrast radiographic studies, including positive upper 
gastrointestinal studies, negative gastrograms, and negative, 
positive, or double-contrast urinary tract studies can be used 
to improve the assessment of these abdominal body systems 
via radiography. Contrast study protocols, including dosages, 


Diagnostic Imaging 541 


are generally extrapolated for marine mammal species from 
other veterinary species, typically a small animal (Wallack 
2003). Carbon dioxide is preferred for negative contrast stud- 
ies, although room air can also be used. Positive contrast 
medium for esophagrams, upper GI studies, or colonograms 
is typically barium, while iodinated contrast media are used 
for intravenous pyelogram, cystogram, or urethrogram stud- 
ies. lodinated contrast media may be used orally instead of 
barium (and are preferred if esophageal perforation is a con- 
cern) but will dilute as the media course through the gastro- 
intestinal tract, which may affect the diagnostic quality of the 
study. 

Personal protective equipment must be utilized according 
to state laws concerning radiation safety, along with personal 
dosimeters, regardless of the study being performed or the 
urgency of the situation. Further, since many marine mammal 
species have tissue thicknesses greater than 10 cm, significant 
amounts of scatter radiation can be produced; thus, shielding 
of personnel and radiation dosimeter devices are very impor- 
tant. As with all radiology studies, the ALARA principle (as 
low as reasonably achievable) should be used for selection of 
kVp and mA, and technique charts should be produced and 
made readily available for each piece of radiographic equip- 
ment. This will reduce the number of exposures and “guess- 
work” needed for diagnostic-quality images to be obtained. 
The use of training in captive-maintained animals and chemi- 
cal restraint in free-ranging animals helps reduce personnel 
exposure, by allowing personnel to move away from the x-ray 
equipment and patient during the exposure. Personnel should 
never be in the path of the primary x-ray beam even when 
wearing lead-lined personal protective equipment. 


Computed Tomography (CT) 


CT is fairly widely available and may be accessible to marine 
mammals in veterinary hospitals, in human imaging facili- 
ties, or in mobile units that travel between facilities. CT scan- 
ners consist of a gantry containing an x-ray source that lies 
opposite an image detector or detectors. The gantry rotates 
while the patient lies on the table moving through it. Several 
technologies are now used in CT scanners to gather the raw 
imaging data, including fan and cone beam configurations, 
and single-row, multirow and flat panel image detectors. 
Preprocessing, processing, and postprocessing factors require 
consideration for optimal studies to be achieved. As a general 
rule, a matrix size of at least 256 x 256 and preferably 516 x 
516, a display field of view as small as possible without crop- 
ping tissues, and slice thickness <5 mm are recommended for 
optimization of CT studies and are considered preprocessing 
factors. Image slice thicknesses greater than 5 mm should be 
avoided, as the images will suffer from partial volume averag- 
ing, meaning significant pathology may be missed or artifacts 
introduced. Reconstruction algorithms or kernels are selected 
by the operator and are applied to the raw data during pro- 
cessing to result in recognizable images. Most vendors have 


proprietary names for their software algorithms; however, in 
general, medium-frequency algorithms (for soft tissue) and 
high-frequency algorithms (for bone and lung evaluation) are 
recommended for every study regardless of the clinical ques- 
tion. Accurate assessment of postcontrast images requires pre- 
contrast images to have been acquired, and patients should 
not be moved between precontrast and postcontrast images 
unless absolutely unavoidable. 

A huge benefit of CT over MRI is that only one scan 
is needed pre— and post—contrast medium administration, as 
the raw data acquired can be reconstructed repeatedly using 
different reconstruction algorithms for as long as the study 
remains on the CT console. This contributes to faster scan 
times for CT compared to MRI. Image spatial resolution is an 
important consideration and is affected by the matrix size, 
display field of view, and selected slice thickness, so all of 
these factors require optimization. During postprocessing, 
when the images have been transferred to the viewing sta- 
tion, window and level adjustments (viewed as contrast and 
brightness) that are temporary adjustments are applied on the 
workstation in the DICOM software to optimize the images 
for evaluation. Other desirable manipulations such as image 
inversion, zooming, and multiplanar 2-D and volumetric 3-D 
reconstructions can also be performed at that time. CT stud- 
ies contain a large amount of data; thus, much larger amounts 
of data storage relative to radiography are needed. 

Important considerations in using CT in marine mammal 
species are patient size and weight. Because the patient has 
to pass through the gantry supported on the scanner table, 
it is critical to know the dimensions of the internal gantry, 
not to mention weight limitations of the examining table. For 
example, adult sea lions can generally fit through the CT gan- 
try; however, their nose-to-flipper length may be too long for 
the table, requiring the scan to be performed in two halves 
with the position on the table changed when whole-body 
studies are desirable. CT table weight limitations are typically 
200-225 kg (400-500 Ib), with some ranging up to 300 kg 
(660 Ib), but each system is different. In cases where the 
patient size requires that he or she be moved to complete the 
scan, postcontrast images should be acquired for the region 
of greatest concern first. 

Further, conducting CTs on many cetaceans is hin- 
dered by the dorsal fin in standard-bore CT scanners (often 
50-60 cm), although large-bore scanners (90 cm or larger) 
do exist and may permit passage through. When the dorsal 
fin cannot pass through the gantry, one-half of the patient 
is imaged, and then the patient is physically turned 180° to 
scan the other half of the body. Unfortunately, this becomes 
problematic when evaluating dolphin kidneys, since they are 
located at the level of the dorsal fin and evaluation of this 
region may be limited. 

One of the biggest benefits of CT over radiography is that 
optimized studies produce images without superimposition 
of structures. Furthermore, the technology is more sensitive 
to slight attenuation differences of the x-ray beam between 
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tissues (measured in Hounsfield units), resulting in distinction 
between fluid and soft tissues that cannot be achieved using 
radiography. CT tissue attenuation is linear, meaning that a 
direct, quantifiable comparison can be made between tissues 
between studies regardless of the scanner used or the date 
acquired, Limitations in soft tissue contrast do exist in CT, 
and soft tissue contrast can be improved by the use of iodin- 
ated contrast media and comparing precontrast and postcon- 
trast images. 

The indications for CT are broad. CT is excellent for eval- 
uation of osseous structures and pulmonary (ung) tissues, 
and can be extremely useful for accurately guiding biopsy 
and bronchoscopy tools. Evaluation of thoracic soft tissue 
structures, including cardiovascular structures and lymph 
nodes, and abdominal CT studies are limited without the use 
of intravenous (IV) contrast medium but can still provide use- 
ful information even if contrast medium use is undesirable 
or not feasible. This is particularly true in the assessment of 
urolithiasis cases (Smith et al. 2008, 2013b). CT is excellent 
for determining if and where free gas or gas emboli are pres- 
ent. In the case of migrating foreign bodies, such as stingray 
barbs, it can be very useful for determining secondary effects 
such as fluid-filled tracts, osteomyelitis, discospondylitis, or 
lymphadenopathy that may not be readily identifiable on 
radiographs or ultrasound examinations. Whole-body CT has 
been very beneficial in providing additional information in 
pinniped cases questionable for tuberculosis from lab work, 
by identifying the presence or absence of ossified lymph 
nodes or other lesions that could be TB-related (Jurczynski 
et al. 201). CT has been used successfully prior to necropsy 
to provide additional information that may be lost or have 
questionable significance following breach of the carcass, 
such as gas accumulation (St. Leger et al. 2011; Tsui and Kott 
2016; Yuen, Tsui, and Kot 2016). In gunshot injuries, CT can 
assist in characterization of the ballistics used and the injuries 
sustained, and determination of the trajectory of the gunshot 
(Fraga-Manteiga et al. 2014). 

It should be noted that CT observations are rarely pathog- 
nomonic for a specific disease process, and tissue sampling 
with histological evaluation remains the gold standard for 
definitive diagnosis. CT angiograms (triple-phase, dual-phase, 
or single-phase portography), CT intravenous pyelography 
(VP), and cardiac CTs are possible but require very fast mul- 
tislice CT scanners and very specific protocols for useful diag- 
nostic studies to be achieved. Consultation with your friendly 
veterinary radiologist is encouraged when considering and 
planning nonstandard CT studies to help ensure that the 
study is optimized for the clinical question. 

Contrast media used in CT are usually iodinated, although 
negative contrast (air/gas) or orally administered water may 
be beneficial for some esophageal and gastric/gastrointestinal 
studies. Both ionic and nonionic iodinated compounds are 
commercially available for intravenous, intra-articular, or fis- 
tula administration. The ionic formulations are hypertonic 
and contain sodium, so they should be used cautiously in 


patients at risk of fluid overload (such as renal disease) or con- 
gestive heart failure. Hypotension, hypertension, and acute 
renal failure are the most frequently reported reactions to 
iodinated contrast media in human and veterinary diagnostic 
imaging. Blood pressure changes are usually very transient at 
the time of injection and only noted if continuous blood pres- 
sure monitoring is in place. Acute renal failure is uncommon 
and is most typically observed from the study as retention 
of cortical contrast medium with failure of excretion, rather 
than identified clinically. This condition usually responds to 
fluid support and is very transient. Adequate hydration, both 
before and after the procedure, is strongly encouraged to help 
prevent any complications. 

Reactions to iodinated contrast media are generally rare 
in veterinary medicine. However, one such presumed reaction 
occurred in a California sea lion (Zalophus californianus) that 
presented as cardiopulmonary arrest (Dennison, Gulland, 
and Braselton 2010). In general, contrast media reactions are 
not considered dose related, meaning using a lower dose 
does not help to reduce the risk of reaction, but may result 
in the study being nondiagnostic. The bradycardia frequently 
observed in marine mammals under sedation/anesthesia/ 
stress as part of the dive response may delay distribution of 
the contrast medium among organs and is unpredictable. To 
help ensure that the study is diagnostic, two post-IV contrast 
scans at 3 and 6 minutes after the start of the injection are 
recommended. It is very important that only nonionic iodin- 
ated contrast media are used for myelograms or for fistulo- 
grams, where there is the possibility of communication with 
the spine/spinal canal. Severe spinal cord injury may occur 
following intrathecal ionic media administration. 

The traditionally recommended IV dose in veterinary 
medicine for iodinated contrast media compounds is 600-800 
mgl/kg; however, the optimal iodine concentration for CT 
studies specific to marine mammals has not been determined. 
For most concentrations of commercially available iodinated 
contrast media, a dose of 600-800 mgI/kg will equate to 
2 mL/kg. A maximum daily iodine dose of 1600 mgI/kg has 
been suggested in human medicine and is applied in veteri- 
nary medicine by radiologists. At one US dolphin facility, a 
standard IV dose of 200 mL of iodixanol (Visipaque) is used 
in dolphins weighing from 170 to 220 kg for CT and provides 
diagnostic series. The IV contrast is bolused via the peduncle 
vascular plexus or injected via a venous catheter placed in the 
lateral superficial peduncle vein. The latter allows for more 
accurately timed administration of the IV contrast, which can 
be critical in some studies, such as IV pyelogram or angio- 
graphic studies (Meegan pers. comm.). 


Magnetic Resonance Imaging (MRI) 


Although less readily accessible in general compared to CT, 
nevertheless, MRI is accessible via veterinary hospitals and 
human imaging facilities, or in mobile units. One of the big- 
gest attractions of using MRI is that it does not use ionizing 
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radiation. The details of MRI physics are very extensive: 
essentially, MRI uses a very strong magnetic field to align 
hydrogen nuclei (basically water) within tissues. A radiofre- 
quency is then pulsed through the tissues, which knocks 
the resonating protons out of equilibrium, causing release of 
energy. The energy release and time it takes for the protons 
to realign with the magnetic field will vary depending on the 
chemical nature of the molecules and surrounding environ- 
mental conditions. Coils placed around the region of interest 
collect these data. Different weighted sequences are used to 
manipulate different properties/chemical nature of the water 
in tissues, and commonly used sequences include T1W, T2W, 
FLAIR, STIR, PDW, and T2*W. Many proprietary sequences 
are also available on MRI scanners and can be used for spe- 
cific clinical or research questions (see Box 24.1 for more 
information). 

Gadolinium-based (Gd) contrast medium can be injected 
IV to help identify abnormal blood-brain barriers or disruption 
of normal tissues, and its accumulation is evaluated on T1W 
sequences by comparing pregadolinium and postgadolinium 
series. In MRI, each sequence is independently acquired, and 
sequences cannot be recreated from other sequences, unlike 
CT. The need for multiple sequences in multiple axes for thor- 
ough evaluation of a body region means that scan times for 
MRI are far longer than for a CT scan of the same region. For 
example, CT of the head with pre- and post-IV contrast scans 
will take approximately 10-30 minutes, depending on the 
scanner being used, the region being studied, and the time 
taken for the injection of contrast. However, MRI of the head 
will on average require 45-60 minutes of scan time. Some MRI 
scanners can perform 3-D sequences that permit multiplanar 
reconstructions postprocessing, but in general, diagnostic- 
quality multiplanar reconstructions are not possible. 

MRI provides superior soft tissue contrast compared to CT 
and radiography, and is considered the gold standard imag- 
ing modality for central nervous system (brain and spinal 
cord) evaluation. The contrast between tissues is described in 
terms of signal intensity, and this is a subjective rather than 
objective assessment. The spatial resolution of the images 
produced is less than in CT, and typical slice thicknesses for 
MRI are between 3 and 5 mm, matrix size of 256 x 256, and 


a field of view determined by the patient size, area of interest, 
and estimated scan time. Despite the spatial resolution limita- 
tions, the contrast resolution and more aesthetically pleasing 
appearance of the images often outweigh the limitations of 
spatial resolution. Table 24.2 provides suggested protocols 
for common MRI examinations. 

However, the use of MRI is not without its limitations. 
MRI is greatly affected by gas-filled structures that, in addition 
to providing no or low signal intensity, can also cause suscep- 
tibility artifacts that can mimic or obscure pathology. For this 
reason, upper respiratory tract, pulmonary, gastrointestinal 
tract, or osseous studies may be better suited to CT evalu- 
ation in live animals. Furthermore, because motion affects 
MRI, respiratory or cardiac gating may be needed depending 
on the area of interest and the clinical question. MRI has been 
used postmortem to provide information prior to necropsy 
and can be very valuable due to the lack of motion, unless 
decomposition has begun, resulting in large gas accumula- 
tions. Postmortem thoracic MRI is a consideration if CT is 
not available, as cardiovascular, esophageal, and pulmonary 
motion no longer exist. However, the potential limitations 
associated with gas remain. 

It is recommended that patients be radiographed prior 
to MRI to determine if any metal is present. Metal within 
scan regions, including identification microchips, can result 
in non-diagnostic images. Metal anywhere within the body 
may potentially heat during the scan (even if outside the 
scan region); magnetic metal may also move position when 
exposed to the strong magnetic field, which could cause tis- 
sue damage. For these reasons, CT is preferable for CNS eval- 
uation despite its CNS limitations in cases with gunshot injury 
if the metal cannot be removed. The effect of metal on MRI, 
the potential for heating, and the potential projectile effect 
of a magnetic metallic object being pulled rapidly into the 
strong magnetic field mean that only MRI-approved monitor- 
ing equipment must be taken into the MRI suite. Notably, MRI 
scanners are on permanently, so personnel must remove all 
loose magnetic metal Gewelry, keys, etc.), leave credit cards 
outside the scan room, and be screened for any potential 
metal or pacemakers within their body that could be affected 
by the magnetic field prior to entering the MRI suite. 


Table 24.2 Recommended Basic Clinical MRI Protocols 


Image Orientation 


Transverse: 
Sagittal: 
Dorsal: 
Sagittal: 
Transverse: 
Dorsal: 
Sagittal: 
Transverse: 
Dorsal: 


Brain 


Spine 


General head (non-CNS focus) 


Note: Gd = gadolinium contrast medium. 


MRI Sequence 


T1W pre and post Gd, T2W, T2*W, FLAIR, PDW 
T2W and T1W post Gd 

T1W post Gd or T2W if not using Gd 

T2W, STIR, myelo-HASTE, T1W pre and post Gd 
T2W and T1W post Gd 

STIR or T2W 

T2W and T1W post Gd 

T2W, STIR, T2*W, T1W pre and post Gd 

T2W and T1W post Gd 
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As for CT, MRI gantry bore size, coil size, and table weight 
limitations should be considered prior to undertaking an MRI 
study. Low-field magnets designed in an open conformation 
have made MRI more accessible to marine mammals, includ- 
ing cetaceans that previously would not otherwise fit. 

The contrast medium used in MRI studies is gadolinium 
based. Several formulations are available, and a standard gad- 
olintum dose of 0.1 mmol/kg is used IV regardless of the 
compound selected. TIW images of the scan region should be 
acquired in at least one plane precontrast and all three planes 
following gadolinium administration. Reactions directly 
related to gadolinium have rarely been identified in veteri- 
nary cases; anecdotally, they are described as being similar 
to iodinated contrast media, including alterations to blood 
pressure and heart rate. Human patients have described nau- 
sea, headache, and dizziness associated with IV injections of 
gadolinium-based contrast media. The development of neph- 
rogenic systemic fibrosis in human patients has been associ- 
ated with multiple exposures to gadolinium contrast agents 
or preexisting renal disease requiring dialysis (Morcos 2007; 
Wagner, Drel, and Gorin 2016); however, this has not yet 
been identified or described in veterinary patients. 

While not currently used in disease diagnosis, some 
research using functional MRI (MRD to explore neurological 
deficits in California sea lions exposed to domoic acid was 
recently performed (Cook et al. 2015). 


Ultrasonography 


Currently, diagnostic ultrasound plays a key role in marine 
mammal medicine. Its use is essential both in the diagnosis 
of diseases and in preventive medicine. A thorough knowl- 
edge of the anatomical structures and their physiological or 
pathological condition is essential for the clinician, as well as 
the knowledge of the basics of ultrasound and the numer- 
ous functions available on the actual ultrasound systems. The 
characteristic noninvasiveness of this procedure and its safety 
for the patient and the operator make its routine use possible, 
and it is particularly attractive as a diagnostic tool in animals 
trained to present for voluntary examination (see Chapter 
39). Ultrasonography provides fundamental morphological 
and morphometric data of the organs examined with great 
accuracy, and all recorded data can then be stored in order to 
standardize them or during follow-up in the course of treat- 
ment of specific disease (Saviano 2013). 

The most obvious limitations of using ultrasonography in 
marine mammals are related to the use of ultrasound outdoors 
and proximity to water, although patient size limitations do 
exist. Different possibilities can be used to avoid direct sun- 
light when ultrasound is performed outdoors, including the 
use of “goggles,” a dark-colored blanket, or a stroller shade, 
for example. Instruments with a battery that do not need the 
use of electricity cables close to the pool are the best option 
safety-wise for pool or poolside examinations, and some 
devices now have wireless connected transducers. It is always 


good practice to cover the ultrasound machine with transpar- 
ent plastic bags, or place the machine in a waterproof con- 
tainer to avoid accidental contact with water, but operators 
should remember that this could also accelerate overheating 
of the machine if working in warm temperatures. Undamaged 
transducers are sealed and waterproof, so they do not need 
to be specifically protected from water exposure; however, 
the connection between the transducer and machine should 
be protected. 

Performing voluntary ultrasonography in marine mammals 
through proper training can be extremely beneficial; however, 
animal cooperation may be lost due to illness. Restraining the 
animal in shallow water instead of moving the animal out of 
the water may be more comfortable for cetaceans. Maintaining 
the animal in water has the added benefit of negating the need 
for acoustic gel and the effect of the weight of the animal on 
the observation of the internal organs. In complex examina- 
tions that require moving the animal out of the water .g., 
ultrasound-guided fine-needle aspiration biopsy), wet foam or 
other padding can be used; once out of the water, the use of 
acoustic ultrasonic gel is required. Sterile gel is suggested when 
guided sampling is being performed. 

Ultrasound transducers do not produce a single frequency 
of sound, and the harmonics may be audible, particularly to 
cetaceans, given their range of hearing. In the captive set- 
ting, accommodation to these varying sounds will help to 
limit stress associated with these examinations, and sound 
stress should be considered when using ultrasound in already 
stressed stranded or captured free-ranging cetaceans. In free- 
ranging cetaceans, keeping the examination as short as pos- 
sible, and staying away from the head can be very beneficial 
in reducing the effects of the sound. 

Technical limitations to consider include the mild move- 
ment of the animal on the surface of the water that can inter- 
fere with the results of the Doppler functions. Also, some 
animals are difficult to scan with ultrasonography due to the 
thickness and composition of their blubber layer. Another 
challenge is finding reference data from other patients to 
compare measurements with, meaning measurement trends 
for individual patients over time are very important to 
develop. Despite their value, there is a lack of quantitative 
data for cetaceans using ultrasound, making most examina- 
tions subjective. In a preventive medicine program, each ani- 
mal should have specific files with accurate data related to the 
sonographic morphology and morphometry of its organs in 
healthy status (Saviano 2013). 


Ultrasound Equipment and Preparation The availability 
of updated software and more advanced ultrasound devices is 
constantly in progress. Small portable devices are mandatory 
working in the field (e.g., in stranding networks or popula- 
tions studies). The ability to store video files of the examina- 
tion and work afterward on the saved images is invaluable. 
The transducer frequency range used for most marine mam- 
mal patients is usually between 2.5 and 10 MHz. This range 
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will cover body sizes between a porpoise and a killer whale. 
The software also greatly affects the final image and ability of 
the machine, so it is very important to use any machine being 
considered on the animals prior to its purchase, if at all possi- 
ble. Ophthalmic ultrasound examination can require frequen- 
cies up to 20 MHz in order to obtain high resolution of the 
ophthalmic structures, although broadband transducers that 
can produce 8-12 MHz frequencies can also provide valuable 
information (Levine et al. 2009). Transesophageal transducers 
can be selected to perform echocardiography avoiding the 
limits of transthoracic examination represented by lungs sur- 
rounding the heart (Renner and Rimmerman 2001). The latest 
ultrasound systems permit many sophisticated Doppler tech- 
niques including color flow, pulse Doppler, and 3-D imaging 
that can provide additional useful information (Saviano 2013). 


Ultrasound Examination Technique Recording images, 
producing a written report of the examination, and recording 
any measurements made are strongly recommended as part 
of the medical record of both captive-maintained and free- 
ranging animals. A repeatable and systematic approach to the 
ultrasound examination is needed to ensure that abnormali- 
ties are not missed and will help make abnormalities more 
obvious to the operator over time. 


Pinnipeds Most pinnipeds are scanned on dry land using 
water or rubbing alcohol and acoustic gel for contact. Shaving 
can usually be avoided by keeping the patient wet, and this 
approach is desirable particularly in patients on exhibit or in 
species reliant on their fur for warmth. Scanning the thorax 
permits examination of the cranial mediastinum, sternal lymph 
nodes, pleural space, and lateral periphery of the lung. Lung atel- 
ectasis is an important consideration when lung abnormalities 
are seen, and it is suggested that any questionable pulmonary 
regions be rescanned after repositioning that area uppermost 
for 3-5 minutes. This encourages inflation of atelectic/collapsed 
regions. Thoracic lesions can be sampled via ultrasound guid- 
ance using aseptic technique, but heavy sedation with local 
anesthesia or general anesthesia is recommended for such pro- 
cedures. A normal thoracic ultrasound does not rule out deeper 
lesions, as the ultrasound beam will be completely reflected as 
soon as it hits gas, even if just a very thin rim of normal lung 
surrounds a lung abnormality. 

Echocardiography has been achieved via a transthoracic 
approach in neonate, juvenile, and adult pinnipeds. In harbor 
seals (Phoca vitulina), the ductus arteriosus remains open for 
up to 55 days in rehabilitation without consequence, and this 
observation, when found alone without other cardiac abnor- 
malities, is now considered typical in that setting (Dennison 
et al. 201). For large pinnipeds, a transesophageal approach 
may be required to access the heart without interference by 
the lung. Scant anechoic pericardial effusion may be identi- 
fied during echocardiography without concern, but should 
not be present in a volume that permits easy measurement 
and should be uniformly distributed and anechoic. 


Abdominal ultrasound technique in pinnipeds is very 
similar to other veterinary species; however, some important 
pinniped-specific considerations exist. The long rib cage and 
relatively immobile position of the stifle limits a lateral approach, 
so most examinations are performed from the ventral side with 
the patient in dorsal recumbency. The kidneys are multireni- 
culate, with each renule made up of cortical and medullary 
tissues and a collecting duct. Urolithiasis has been reported 
in pinnipeds as it has with cetaceans. Struvite urolithiasis is 
seen most frequently and is usually associated with infections 
in nonneonatal animals, while neonatal cases are more fre- 
quently urate in composition (Dennison and Schwartz 2008). 
Pinnipeds have a gallbladder and a species-associated variably 
sized hepatic sinus within the liver that may be mistaken for 
an intrahepatic portosystemic shunt. The relative echogenicity of 
the abdominal organs is similar to terrestrial mammals. The lack 
of abdominal fat is a benefit for ultrasound, however, the thick- 
ness and composition of the blubber layer may affect the quality 
of the study in nutritionally healthy individuals. 

The appearance of thoracic and abdominal lymph nodes 
is similar to other mammals. Normal sizes have not been 
established. However, maintenance of an oval shape with 
defined margins and a width:length less than 0.5 are usually 
considered consistent with benign disease. Reactive lymph 
nodes are often enlarged but unchanged in shape, and serial 
monitoring and measuring is often useful in these cases. 

The adrenal glands in pinnipeds can be challenging to 
find on ultrasound, as they tend to be more flattened than in 
other species. Furthermore, most published pinniped adrenal 
disease processes result in adrenal gland atrophy rather than 
enlargement. 

Ophthalmic ultrasound can be achieved and may be valu- 
able for evaluation of the lens, anterior and posterior cham- 
bers, or retrobulbar space, using an 8-12 MHz transducer. 
Acoustic gel is needed for these examinations, and sterile gel 
is suggested, if the transducer is to be placed directly on the 
cornea. The transducer may be placed directly onto an anes- 
thetized cornea in accommodated captive-maintained and 
anesthetized animals. Alternatively, ultrasound can be per- 
formed through the eyelid of most animals without the need 
for clipping of the fur, if the face is kept wet. 

Musculoskeletal ultrasound can be performed to evaluate 
for edema, hemorrhage, or abscess formation, or to identify for- 
eign material such as pieces of shark tooth or stingray barb. 
Evaluation of bone cortices for evidence of periosteal reaction 
or discontinuity (fracture/lysis) can be performed but is usually 
unnecessary in smaller animals that can be readily radiographed. 

In neurological patients, transforaminal ultrasound can be 
used to determine if there is evidence of severe hydrocephalus 
or cerebellar herniation. A transforaminal acoustic window (fora- 
men magnum approach) can be used for intracranial assessment 
by placing the patient in lateral recumbency and flexing the 
head as if performing CSF centesis. Endotracheal tube occlusion 
is possible in intubated patients during neck flexion, and thus, 
careful monitoring of the patient’s vital signs is needed. The 
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ultrasound transducer is placed on the dorsal aspect of the neck 
over C2 with the beam directed rostrally through the foramen 
magnum. This window can be used to assess the shape and 
margins of the cerebellum, and to determine if hydrocephalus 
is present. Hydrocephalus has most frequently been observed 
in stranded free-ranging neonatal northern elephant seals 
(Mirounga angustirostris). A similar approach with less neck 
flexion can be used for evaluation of cord compression at C1/2 


due to atlantoaxial instability in young neurological patients or 
patients with tetraparesis. The fontanelle is typically closed in 
marine mammal patients even in the case of severe hydrocepha- 
lus, and an acoustic window here is not usually available. 


Cetaceans The anatomy of cetaceans warrants more 
specific discussion (see Chapter 7), and Table 24.3 pro- 
vides published data on organ measurements. A complete 


Table 24.3 Published Ultrasound-Specific Data Based on Cetacean Ultrasound Examination, Except Where Noted 


Organ 
Kidney 


Ureters 


Thyroid glands 


Heart 


Marginal node 


Spleen 


Ovary 


Forestomach 


Fundic stomach 


Pyloric stomach 


Intestine 


Liver 


Common bile 
duct 


Appearance and other 
Ulirasound-Specific Information 


Multireniculate; cortices relatively 
hyperechoic to the medulla; collecting 
calices usually not identified. Renules 
should be uniform in diameter and 
appearance. 

Usually identified only at the caudal 
pole of ipsilateral kidney; if seen, this 
usually indicates distension 
(hydroureter). 

Hyperechoic to surrounding muscle; 
bilobed single organ; female gland 
size varies with estrus cycle, 
pregnancy, and lactation. Gland size 
also varies with age. 

Four-chambered; large aortic bulb in 
place of terrestrial species’ ascending 

aorta (varies with species). 

Bilateral; located adjacent to the 
diaphragmatic margin of the lung. 


Isoechoic or hyperechoic compared to 
the liver. 

Between hypaxialis lumborum and 
rectus abdominus; echogenicity of the 
cortex related to the sexual status. 


Scan with left lateral approach of the 
abdomen. 

Scan with left lateral or ventral 
approach. 


Scan with left lateral or ventral 
approach. 


Stratification is difficult to examine; 
motility and contents characteristics 
are easy to study. 

Distance from caudal margin of liver to 
umbilical scar. 

The common bile duct can be seen 
parallel and superficial to the portal 
vein. 


Measurements 
Average renule diameter 1 cm 


Serosa-to-serosa diameter up to 
2mm 


Beluga (Delphinapterus leucas): 
541.97 + 118.18 cm? 

Pacific white-sided dolphin 
(Lagenorhynchus obliquidens): 
26.49 + 11.36 cm? 

Ductus arteriosus closes by day 55 
postpartum in harbor seal (Phoca 
vitulina) pups in rehabilitation 

5x 2x 2cm in adults 


T truncatus splenic diameter 6-8 cm; 
Tt. aduncas 3.5-6 cm 

Between 4.4 and 6.4 cm in 
nonlactating and nonpregnant animal 
Tt. aduncas; maximum diameter of 
preovulatory follicle 2.1 +0.5cm 

Serosa-to-mucosa wall thickness 
0.24-0.8 cm 

In T. truncatus: mucosa layer 0.33- 
0.71 cm; rugal thickness (serosa to 
mucosa) 1.38—2.56 cm; interrugal 
wall thickness 0.73—1.84 cm 

In 7 truncatus: serosa-to-mucosa wall 
thickness 0.09—0.63 cm; serosa-to- 
serosa diameter in transverse 
section 1.74—3.34 cm 

In T. truncatus: wall thickness 0.31— 
0.71 cm 


Serial measurements permit 
identification of hepatomegaly 
0.4—1.2 cm (mean 0.6 cm) 


References 
Maluf and Gassman 1998 


Dennison unpubl. obs. 


Kot et al. 2009, 2012a, 2012b, 
2012c, 2012d 


Dennison et al. 2011; 
Lutmerding et al. 2015 


Cowan and Smith 1999; 
Saviano 2013; Martony et al. 
2016 

Gili 2006 


Brook 2001 


Fiorucci et al. 2015 


Fiorucci et al. 2015 


Fiorucci et al. 2015 


Fiorucci et al. 2015 


Seitz et al. 2016 


Seitz et al. 2016 
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scan of the thorax is important to ensure the pleura, pleu- 
ral space, and peripheral lung are normal, as well as per- 
mitting evaluation of the draining lymph nodes. Pleural 
effusion can be investigated with the aid of ultrasonog- 
raphy and will permit ultrasound-guided thoracocentesis 
(Howard et al. 1994; Lutmerding et al. 2010; Cassle et al. 
2013). Prescapular lymph nodes can be found in bottlenose 
dolphins (Tursiops truncatus) between the cranial margin 
of the scapula and the ear. The ventrolateral aspects of the 
lung lobes are commonly involved in pulmonary infection, 
and this area should not be skipped during the examination 
(Cowan and Smith 1999; Gili 2006). Usually, healthy thoracic 
lymph nodes are isoechoic with liver parenchyma and have 
a defined margin. Ultrasound-guided fine-needle aspiration 
(FNA) or biopsy of lung lesions (abscess/granuloma, etc.) can 
be performed in the case of abnormal findings (Lutmerding 
et al. 2010; Smith et al. 2012; Cassle et al. 2013). Furthermore, 
suspected trauma can be confirmed ultrasonographically 
by evaluating the margins of the ribs to determine their 
integrity, and by evaluating the surrounding tissues that 
may show evidence of disruption, hemorrhage/edema, or 
emphysema. 

As with pinnipeds and other species, a normal pulmonary 
examination does not rule out deeper pulmonary pathology. 
This is particularly important in captive-maintained dolphins 
that are susceptible to granulomatous fungal pneumonia and 
occasionally have only a few lesions that lie deep within the 
pulmonary parenchyma. Free-ranging cetacean pneumonia 
tends to be viral, bacterial, or parasitic, and as such, at least 
some peripheral lesions are expected if pneumonia is pres- 
ent. The character of peripheral pulmonary changes seen on 
ultrasound can help to limit differentials (Smith et al. 2012). 
Echocardiography can be performed with a transthoracic 
ventral approach (Miedler et al. 2007, 2015); however, this can 
be limited, and a transesophageal approach may also be used 
(Renner and Rimmerman 2001). 

Thyroid examination includes the measurements of the 
lobes and identification of its echostructure. Echogenicity of 
thyroid lobes should be homogeneous, and some cetacean 
thyroid glands are conjoined. Thyroid volume can change 
significantly during the various stages of the estrus cycle, 
pregnancy, and lactation, and will also vary with age and 
sex (Cowan and Tajima 2006; Kot et al. 2012a, 2012b, 2012c, 
2012d). Monitoring the trend for thyroid dimensions and vol- 
umes in individual animals is important. 

The liver can be easily seen using a lateral Gntercostal) 
acoustic window or ventral midline approach. The hepatic 
parenchyma should have a homogenous echogenicity that 
is finely speckled with a sharp elongated triangular cau- 
dal liver margin. The intrahepatic portal veins have a very 
hyperechoic wall compared to the hepatic veins, permit- 
ting distinction. The gallbladder is absent in cetaceans with 
the intrahepatic biliary tree draining directly into the cystic 
duct. The extrahepatic bile duct can be seen parallel and 
superficial to the portal vein, where it enters the liver on 


the right side (Seitz et al. 2016). The portal and hepatic vein 
flow can be observed, and Doppler used for more detailed 
evaluation (Seitz et al. 2016). 

The pancreas surrounds the portal vein and lies along 
the third gastric chamber and duodenal ampulla. It can be 
identified using a ventral approach from right side. The pan- 
creas has a typical homogeneous elongated shape with an 
echogenicity that is hyperechoic to normal liver, as in other 
species (Saviano 2013; Seitz et al. 2016). 

The spleen can be seen from the right side between the 
forestomach and the third stomach. Hydration per os can 
enhance the contrast between the spleen and forestomach 
contents, making the distinction between stomach and spleen 
easier (Saviano 2013). The splenic echogenicity is isoechoic 
to hyperechoic when compared to normal liver. In suspected 
septicemia, it is important to follow changes in dimensions or 
echogenicity of the spleen. 

The gastrointestinal apparatus should always be com- 
pletely evaluated because inflammatory disorders are often 
seen both in free-ranging and in captive-maintained ani- 
mals, and may be focal, regional, or generalized. The fore- 
stomach and fundic stomach can be easily identified from 
the left side immediately behind the liver. The pylorus can 
be identified by scanning from a left ventral approach using 
the liver as an acoustic window. The duodenum ampulla can 
be observed from the right side of the animal by following 
the liver margins. Rugal folds of the forestomach are more 
evident in Pacific bottlenose dolphin (Zursiops truncatus 
gilli) and in Risso’s dolphin (Grampus griseus), compared 
to common bottlenose dolphin (Tursiops truncatus). There 
is value in comparing the gastrointestinal tract examination 
in both fasted and fed states, if the gastrointestinal tract 
is an area of concern, and when gathering baseline data 
for future comparison in a patient. The character of gas- 
trointestinal tract lumen contents and observed evidence 
of peristalsis of the gastric chambers and intestine should 
be recorded. Measurements of the layers of the different 
segments of the digestive apparatus can provide important 
data to define the distribution of inflammatory processes 
diagnosed via endoscopy and cytology/histology (Saviano, 
Guglielmi, and Biancani 2011, Saviano 2013; Fiorucci et al. 
2015). Measurements of the mucosa layer and measurements 
of complete wall thickness of the rugal folds and interrugal 
regions of the forestomach and fundic stomach have been 
published and may help identify sites of pathology (Fiorucci 
et al. 2015). Intestine stratification can be difficult to be iden- 
tify in most cetaceans with ultrasonography, and the ultra- 
sound examination is limited to wall thickness, evidence of 
peristalsis, and the appearance of lumen content (Fiorucci 
et al. 2015). 

It is important to look for signs of peritoneal effusion, 
often seen in between loops of bowel when present in low 
volume, or adjacent to the liver. The retroperitoneal space 
should be carefully evaluated for effusion around the kid- 
neys. Abdominal lymph nodes, especially pararectal nodes, 
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can be identify sonographically and provide additional 
information. 

The left adrenal gland can be found between the cranial 
pole of the ipsilateral kidney and the aorta. The right adrenal 
gland can be found between the cranial pole of the ipsilateral 
kidney and the caudal vena cava. The difference between 
adrenal cortex and medulla and lack of a mediastinum help to 
distinguish adrenal glands from lymph nodes (Saviano 2013; 
see Chapter 7). 

Cetacean kidneys are large multireniculate organs, with 
each renule demonstrating cortical and medullary tissues, 
similar to pinnipeds (Pfeiffer 1997). Renal ultrasound exami- 
nation in stranded free-ranging cetaceans has revealed the 
presence of perirenal gas due to off-gassing of supersaturated 
tissues and should not be used to determine whether an 
animal is healthy (Dennison et al. 2012). Nephroliths are 
not an uncommon observation in dolphins under human 
care and are an important indication for serial renal ultra- 
sound examinations, although accurate urolith quantifica- 
tion requires CT examination (Miller 1994; Townsend and 
Ridgway 1995; Smith et al. 2013b). During urolith dissolution 
therapy performed in European marine mammal facilities, 
the acoustic shadow of the uroliths decreases before the 
reduction of the echogenicity of the urolith surface (Saviano, 
unpubl. data). Renal cysts can be identified when they reach 
a diameter bigger than one of the renules (1 cm) and must 
be distinguished from hydronephrosis (Maluf and Gassman 
1998). The ureter can be followed from its emergence from 
the kidney for few centimeters in normal animals and may 
be enlarged and followed further in animals with urolithiasis 
or hydroureter due to infection/inflammation. The urinary 
bladder with its regular wall and anechoic contents is easy 
to identify. 

Male reproductive tract examination is important for 
assessing sexual maturation. Echogenicity of the testes and 
their size normally change due to the sexual status of the 
examined animal (Brook et al. 2000). 

Females can be scanned in lateral recumbency hold- 
ing the transducer longitudinally between the m. hypaxialis 
lumborum and m. rectus abdominus between the cranial 
margin of the genital slit and the caudal margin of the dorsal 
fin. Orientating the angle ventrodorsally 45° helps to locate 
the ovary between the caudal pole of the kidney and the uri- 
nary bladder along the m. hypaxialis lumborum. After preg- 
nancy, the ovaries tend to move slightly more ventrally and 
cranially. Compared to the bottlenose dolphin, the ovaries 
of Risso’s dolphin lie more ventrally (Saviano and Biancani 
2010). The mammary glands are located craniolateral to the 
genital slit (Miller 1994). The diameter of the principal duct 
can be measured during lactation, and its parenchyma is 
usually homogeneously finely speckled (Brook et al. 2002; 
Saviano 2013). 

The reproductive cycles also change the characteristics 
of the ovarian tissue appearance, in addition to their loca- 
tion. For example, inactive ovaries usually present with 


a hypoechoic cortex, while older females tend to have a 
more echogenic cortex. The follicle evolution and cor- 
pus luteum development have been well described in the 
literature. The cervix and uterine body can be found by 
placing the transducer in a transverse orientation at the 
craniolateral margin of the genital slit and moving it cra- 
nially toward the urinary bladder. The uterine horns can 
be identified extending cranially from the uterine body. 
Differentiation between bowel and uterine horn can be 
possible by the presence of luminal gas and peristalsis in 
the intestinal tract. 

Ultrasonography is a useful tool to confirm a viable 
pregnancy by excluding pseudopregnancy or fetal loss 
(Miller 1994; Jensen 1999; Stone et al. 1999; Brook 2001; see 
Chapter 10). Measurements of fetal skull and body estab- 
lish the day of the expected parturition and can help iden- 
tify congenital/developmental abnormalities or issues that 
may complicate delivery (Gray and Conklin 1974; Lacave, 
Salbany, and Roque 2002; Lacave et al. 2004; Smolensky 
et al. 2007). The checklist should include the morphologi- 
cal study of the anatomic structures of the fetus, regular 
fetal morphometrics, and echocardiography with two- 
dimensional imaging, as well as color flow techniques 
(Gray and Conklin 1974; Stone 1990; Williamson, Gales, 
and Lister 1990; Taverne 1991; Brook 1994, 1997; Stone, 
Sweeney, and Johnson 1995; Stone et al. 1999; Lacave 2000; 
Lacave, Salbany, and Roque 2002; Smolensky et al. 2007; 
Sklansky et al. 2010). The umbilical cord should be mea- 
sured in length, and its flow evaluated with serial pulse 
wave Doppler examination (Brook et al. 2007; Smith et al. 
2013a; Garcia-Parraga et al. 2014). Progressive differences 
will be observed between the echogenicity of the amniotic 
and allantoic fluids through the duration of the pregnancy 
and should be expected. 

Ophthalmic ultrasonography can be performed with a 
frequency between 5 and 12 MHz. In cases of suspected 
trauma or when blepharospasm is present, preventing the eye 
from opening, ultrasound is a great way to gather more infor- 
mation without invasive procedures. Direct contact between 
the eye and the transducer is not needed, and a 1 cm stand- 
off created by water improves evaluation of the anterior and 
posterior chambers, lens, and the globe, particularly if only 
lower-frequency transducers are available (Cartee, Brosemer, 
and Ridgway 1995; Saviano 2013). 

Lastly, the musculoskeletal system can be scanned to 
identify signs of muscular trauma, hemorrhage, or abscess 
formation. The margins of bone can be followed to iden- 
tify fractures or periosteal reaction, or to guide sampling. 
The patient’s body condition can be correlated to the 
appearance and thickness of the blubber and subcutane- 
ous tissue. Serial measurements of the blubber layer can be 
useful in monitoring body condition improvements during 
the rehabilitation process of emaciated free-ranging ani- 
mals, reducing the frequency of weighing events needed 
(Saviano 2013). 
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Introduction 


Endoscopy means “to look inside” and in medical practice 
refers to the use of equipment specifically designed to create 
and transmit images of patient anatomy normally inaccessible 
to the unaided eye of the care provider. The wide array of 
modern flexible endoscopes allows inspection of virtually any 
portion of the body via an opening to the surface. Flexible 
scopes are sometimes useful in minimally invasive surgery 
(MIS) procedures by introduction of the scope insertion tube 
through small, carefully placed incisions; however, in gen- 
eral, MIS is the primary purview of rigid endoscopy. Flexible 
and rigid endoscopy are important tools for the marine mam- 
mal veterinarian. Since the publication of the previous edition 
of this chapter, there have been multiple cases presented in 
abstracts, proceedings, or publications describing the use and 
benefit of endoscopy in marine mammal care. Notably, two 
abstracts describe attempts to refine and improve the use of 
laparoscopy in bottlenose dolphins (Zursiops truncatus, Dold 
et al. 2012; Coisman et al. 2013), and a review paper of surgi- 
cal procedures in pinnipeds and cetaceans includes a discus- 
sion of MIS (Higgins and Hendrickson 2013). 

Although advances in the engineering of equipment and 
technology supporting endoscopy and minimally invasive 
surgery have also been made in the last several years, these 
advances have had minimal impact on typical marine mam- 
mal veterinary practice. That is because most advances have 
been directed toward continued miniaturization of electronics 
and improving image resolution through image detector and 
display monitor improvements, not necessarily in bettering 
fundamental techniques. Today, video signals are routinely 
streamed live, sent and saved to wireless networks, uploaded 
to smartphones and other devices, and archived in multitera- 
byte files in the cloud. As a result, endoscopic examinations 
and interpretations and MIS procedures continue to become 
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easier to conduct in more varied environments, and with less 
initial financial investments. 

Yet, in human medicine, the field of endoscopy con- 
tinues to grow as a science and develop new or improved 
approaches to specific medical conditions. For example, 
natural orifice transluminal endoscopic surgery (first intro- 
duced in 2000) now has more widespread use (Kiesslich et 
al. 2011). Considerable advances have also been made in 
directed energy applications such as laser, radiofrequency, 
and acoustic energy delivery to tissues for ablation, exci- 
sion, and hemostasis. Most of these advances are outside the 
scope of typical marine mammal practice, however, and as 
such will not be discussed in this chapter. Further, commer- 
cial instrumentation that is available for endoscopic guided 
procedures, and generally intended for human, companion 
animal, or equine use, is, at this time, of limited application 
for marine mammals, particularly the use of commercially 
available retrieval devices. Thus, we discuss customized 
devices, such as the grabbers in Figure 25.1, which are 
more applicable and useful for marine mammal endoscopy 
procedures. 

In this chapter, we assume the reader possesses a basic 
knowledge of the principles, equipment, indications, and lim- 
itations of both flexible and rigid endoscopy, as well marine 
mammal anatomy (see Chapter 7) and physiology. This chap- 
ter is not intended to be a comprehensive guide to veterinary 
endoscopy or to illustrate all potential applications in marine 
mammals. Readers interested in expanding their knowledge 
are referred to the prior editions of this text and the grow- 
ing body of literature for detailed information. Additionally, 
there are many opportunities for training in the use of this 
equipment and associated techniques and applications, and 


Figure 25.2 California sea lion, voluntary gastroscopy. (Courtesy of 
Dr. Geraldine LaCave.) 


the beginner endoscopic practitioner should take advantage 
of these opportunities. 

Performing endoscopies on marine mammals requires 
specialized training by veterinarians and, in some cases, the 
patients themselves. For example, many marine mammals can 
be trained to accept the introduction of an endoscope to facili- 
tate examination under behavioral control (see Chapter 39). 
Most commonly, this is used to inspect the upper gastrointes- 
tinal tract, as illustrated with the California sea lion (Zalophus 
californianus) shown in Figure 25.2; additionally, we have 
had experience in conducting in-water urogenital or respira- 
tory endoscopies in behaviorally trained bottlenose dolphins. 


Figure 25.1 


(Left) Custom endoscopic retrieval device suitable for use in large marine mammals. In cetaceans, the endoscope is passed into the 


forestomach along one side of the laryngeal cartilages, and the retrieval device is passed along the opposite site. The control enables four-way flexion 
and gripping under endoscopic visualization. (Right) Close up of grasping jaws. (Courtesy of Dr. William Van Bonn.) 
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A major advantage of endoscopy over some other diag- 
nostic imaging modalities is the real-time dynamics of the 
observations. Body surfaces, tissues, and organs can be 
viewed in motion and in response to a variety of stimuli. 
Additionally, most endoscopic equipment incorporates work- 
ing channels that allow the introduction of instruments for 
sample collection, object recovery, or the delivery of ther- 
apeutics. Thus, endoscopy can be both a component of a 
treatment plan as well as a diagnostic procedure. Technology 
and manufacturing advances, along with strong market fac- 
tors, have reduced the cost of many endoscope systems and 
have made it tenable for endoscopic procedures to now be 
a routine occurrence in marine mammal veterinary practice. 

This chapter presents examples (grouped by body sys- 
tem) of clinical cases of and research applications for both 
rigid and flexible endoscopic equipment, and includes exam- 
ples from various marine mammal taxa. A significant amount 
of previously unpublished case material is provided in the 
hope that it will be valuable to advancing clinical acumen in 
the “next generation” of marine mammal veterinarians and 
veterinary technicians. In each case, we have done due dili- 
gence to acknowledge the original source, and apologize for 
any errors or oversights. 


Respiratory Endoscopy 


Examination of airways from the external nares to the alveoli 
is facilitated via endoscopic methods that are becoming com- 
monplace in marine mammal practice, especially broncho- 
scopic procedures on bottlenose dolphins (Figure 25.3). 
Unquestionably, bronchoscopy has diagnostic value; yet, 
it is prudent to recognize that there are risks to the patient, 
and caution should be exercised in any animal with obvious or 
suspected thoracic effusions, pulmonary masses, cardiovascular 


concerns, or questionable ventilation status. Typically, bron- 
choscopy is used in conjunction with radiographs and com- 
puterized tomography (see Chapter 24) to evaluate the 
disease and progression of treatments. 

Pharyngoscopy, tracheoscopy, and bronchoscopy can be 
performed successfully on conscious cetaceans. Although 
some small cetaceans have been trained to accept the bron- 
choscope while still stationed in the water, these proce- 
dures are more commonly performed with the animal out 
of the water using appropriate levels of physical restraint, 
with or without sedation. For example, bottlenose dolphins 
undergoing nasal, pharyngeal, or lower airway endoscopy 
are usually restrained in sternal recumbency (Figure 25.3). 
In this case, handlers positioned alongside the animal may 
be the only restraint required, although sedation should 
be used if necessary. The endoscope should be cleaned 
and disinfected prior to and after all uses. Additionally, if 
introduction of the scope through the glottis is planned or 
expected, the scope should be sterilized and the procedure 
performed aseptically. 

It is critical to orient the image produced by the equip- 
ment with the animal’s position, prior to introducing the distal 
tip into the nasal passage—once beyond the blowhole, ori- 
entation becomes very difficult, especially for the beginner. 
Initial introduction of the scope is accomplished by grasping 
the distal few centimeters with the sterile-gloved dominant 
hand and bracing it on the animal’s melon (Figure 25.4). 

During a breath, the scope is quickly inserted into the 
airway and held still, until the animal accepts it without objec- 
tion. Dolphins will often produce a series of short, forceful 
exhalations when the scope is first introduced. The introduc- 
tion of lidocaine via the operating channel may help alleviate 
discomfort (Harrell et al. 1996; Van Bonn et al. 1997; Tsang et 
al. 2002), although we have completed numerous examina- 
tions without its use. 


Figure 25.3 Standard bronchoscopy on a bottle- 
nose dolphin. (Courtesy of Chicago Zoological 
Society.) 
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Figure 25.4 Initial insertion of endoscope into a bottlenose dolphin. 


With the scope in place, the most efficient moves (in 
order) are () slow withdrawal of the scope; (2) rotation; 
(3) deflection of the tip; and (4) advancement. With the scope 
inserted to a depth of 10-15 cm from the blowhole surface 
(in the bottlenose dolphin), the nasopharynx is visualized. 
Along the lateral wall of the nasopharynx, just inferior to the 
nasal septum, the opening of the auditory (Eustachian) tube 
is often visible. The laryngeal cartilages are visualized within 
the depths of the nasopharynx (Figure 25.5). 

The palatopharyngeal muscular complex is dynamic and 
is often seen closing over the laryngeal cartilages, obscuring 
them from view. In a clinically normal animal, a moderate 
amount of white froth is commonly seen in the dependent 
aspects of the nasopharynx and may also obscure anatomy. 
Introduction through the glottis requires positioning the 
scope tip just superior to the laryngeal cartilages and care- 
fully timing passage of the tip into the open glottis during a 
breath. In our experience with bottlenose dolphins, scopes 
with insertion tube diameters of 8-9 mm can be advanced to 
a depth of approximately 70-80 cm (sixth generation bron- 
chi), and scopes with an insertion tube diameter of 3 mm can 
be advanced to a depth of approximately 90-110 cm. 

Diagnostic cytology, washes, or bronchoalveolar lavage 
(BAL) is often done in conjunction with imaging. Yet, in spite 
of the increased use of BAL, we are not aware of any controlled 
studies or standardized methods or expected values for BAL 
in marine mammals; and BAL samples obtained in clinical 
cases have returned markedly diverse cytology and microbi- 
ology results (van Elk, Ganz, and Epping 2006; Brudek-Wells, 
Townsend, and Rotstein 201). For example, a comparison of 
results from protected brush cytology with bronchial wash- 
ings from five healthy bottlenose dolphins proved inconclu- 
sive (Gans et al. 2012). Further studies are needed to develop 


Figure 25.5 Endoscopic views of (a) oropharynx and larynx of Atlantic 
bottlenose dolphin; (b) normal esophagus and lower esophageal sphinc- 
ter of California sea lion; (c) lumen of forestomach of Atlantic bottlenose 
dolphin with scope retroflexed; (d) normal ostium between forestomach 
and fundic stomach of Atlantic bottlenose dolphin; (e) mucocutane- 

ous junction in rectum of Atlantic bottlenose dolphin; (f) larynx within 
nasopharynx of Atlantic bottlenose dolphin as viewed from nasal pas- 
sage; (g) normal Atlantic bottlenose dolphin airway as seen through 
3-mm-diameter scope wedged at 100 cm depth; and (h) stomach of 
California sea lion during foreign body (fish hook) retrieval. (Courtesy of 
the US Navy.) 
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baseline values for cytology and microbiology of bronchial 
samples. Thus, clinical interpretation of these samples is reli- 
ant currently on prior experience, comparison to more typical 
veterinary species, and careful consideration of the anatomy 
and physiology of marine mammals. 

Standardization of the anatomic nomenclature of ceta- 
cean airways has yet to become common practice, but doing 
so would facilitate communication among practitioners. At 
present, the nomenclature system applied to dogs and horses 
has been applied to the bronchial tree of the harbor por- 
poise (Phocoena phocoena), and there are rather elaborate 
descriptions of the nasal structures of odontocetes (Cranford, 
Amundin, and Norris 1996; Harper et al. 2001). 

With the exception of the pharynx and larynx, the endo- 
scopic anatomy of seals and sea lions is very similar to that 
of domestic dogs, and comparable techniques are used (see 
Tams [2011] for a complete description of suitable small ani- 
mal techniques). However, the pinniped pharynx has an 
abundance of pendulous soft tissue that will often obscure 
visualization of the laryngeal cartilages. The epiglottis is also 
rather abbreviated when compared to dogs and appears 
less prominent. Full extension of the head and neck during 
scope introduction will facilitate efficient examinations. In 
manatees (Trichechus spp.), flexible endoscopes are used to 
facilitate endotracheal tube placement for general anesthesia. 
Intubation is achieved by placing an endoscope in one nasal 
passage to visualize the glottis, and then inserting an elon- 
gated endotracheal tube in the other nasal opening, which is 
guided into the glottis (see Chapter 26). 


Flexible 


Bronchoscopy in marine mammals is typically performed 
using flexible instrumentation; however, in species other than 
cetaceans, rigid instrumentation can be used. As current tech- 
niques continue to be refined, cases are identified that can 
potentially be treated successfully. In the past, without these 
techniques, respiratory disease was difficult to characterize 
(other than with radiographs, CT, and ultrasound). In ceta- 
ceans, bronchoscopy is now considered an essential diagnos- 
tic modality, and in certain cases, therapeutic (Hawkins et 
al. 1996). Based upon the inspection of the periotic sinuses 
using cadaver heads of several species of odontocetes, it 
may be possible to examine these sinuses in clinical cases 
(Degollada, Alonso, and Andre 2002). Although we have 
explored the same approach in bottlenose dolphins and 
beluga (Delphinapterus leucas), gray Eschrichtius robustus), 
and minke whales (Balaenoptera acutorostrata; Van Bonn 
unpubl. data), we are not aware of any clinical case manage- 
ment that has utilized this method to date. Interestingly, the 
odontocetes we have inspected have all had discrete openings 
within the nasal passages to the auditory tubes Cescribed as 
a pharyngotympanic tube by Degollada, Alonso, and Andre 
[2002]), whereas the mysticetes did not. Rather, mysticetes had 
a series of small pores inaccessible by endoscopy. Endoscopy 


for respiratory case management is exemplified in a series of 
case reports reviewed below. 


Case 1: In one case described by Clauss et al. (2014), 
bronchoscopy identified the location of a potentially 
pathogenic fungus. A young adult male bottlenose 
dolphin presented with persistent unusual fungal 
elements in routine cytology of the blow. Culture of 
nasal exudate confirmed repeated presence of the 
fungus Cunninghamella bertholletiae (see Chapter 
19). Bronchoscopy revealed moderate mucoid exu- 
date originating from the left bronchus. Lavage fluid 
also contained the same fungal elements. Multiple 
thoracic radiographs and CT scans documented mild 
parenchymal changes that became less prominent with 
long-term nebulization therapy. The animal remained 
clinically normal throughout treatment (Clauss et al. 
2014). 

Case 2: In another case, described by Haas et al. (2014), 
a focal stenosis of the right accessory (tracheal) bron- 
chus and right mainstem bronchus was diagnosed 
in a 29-year-old female Atlantic bottlenose dolphin 
(Figure 25.6). The lesions were postulated to be 
due to post—-fungal tracheobronchitis airway stenosis. 
Using high-pressure balloons via the working chan- 
nel of a human gastroscope, the stenotic portions of 
the airways were dilated by a human pulmonology 
team, with reported improved respiratory pattern fol- 
lowing the procedure persisting for at least 1 year 
following dilation (Haas et al. 2014). 

Case 3: Another case of tracheal stenosis presented 
as nodules protruding into the lumen. These nod- 
ules were determined to be fungal in origin follow- 
ing transendoscopic needle aspirate. An 8-year-old 
female bottlenose dolphin living in an open water 


Figure 25.6 Stenosis of right primary bronchus (left side of photo) 
in a 29-year-old Tursiops truncatus prior to balloon plasty for dilation. 
(Courtesy of Dr. Mike Renner.) 
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facility presented with elevated white blood cell 
count, fibrinogen, and erythrocyte sedimentation rate 
(ESR), and abnormal breathing (cough, prolonged 
respiratory cycle, noisy breath sounds). Computed 
tomography (CT) was performed, and lesions were 
noted in the lumen of the upper airways (trachea and 
primary bronchi). The lung parenchyma was clear. 
Needle aspiration was performed thru the broncho- 
scope instrument channel. The needle was advanced 
directly into the mucosal nodules, and aspirates were 
prepared for cytology and culture. Cytology showed 
branching septate fungal hyphae with microconidia, 
consistent with Aspergillus sp. (Figure 25.7). 

Case 4: A female bottlenose dolphin with previous his- 
tory of chronic fungal respiratory pathology presented 
with progressive dyspnea, reduced exercise capacity, 
and an inflammatory hemogram. Auscultation, radio- 
graphs, and bronchoscopy revealed an intratracheal 
mucofibrinous sessile mass that extended from the 
distal tracheal region into the left bronchus, occlud- 
ing most of the lumen around the carina. The mass 
was partially removed under sedation and local 
anesthesia during three different surgical interven- 
tions, using an endoscopic N, cryosurgery probe and 
cauterizing with an argon plasma unit. A zygomy- 
cete (Rhizopus sp.) was confirmed as the cause of 
infection (Garcia-Parraga et al. 2016, Figure 25.8). 
Case 5: A juvenile male California sea lion presented 
in poor body condition with nonlocalizing indica- 
tors of inflammation that did not respond to stan- 
dard supportive care and antibiotic therapy. Under 
general anesthesia, bronchoscopy via an access 
portal attached to the endotracheal tube revealed 
a heavy load of mites (presumed Orthohalarachne 
spp.) in the airways (Van Bonn unpubl. data). Oral 


Cryoprobe Plasma-argon probe 


E SE 


Figure 25.8 Bronchoscopic view of treatment of zygomycetal (fungal) 
mass. The image on the left shows the liquid nitrogen cryoprobe, and 
the image on the right shows the plasma-argon probe. (Courtesy of 

Dr. Daniel Garcia-Parraga.) 


ivermectin treatment was successful in clearing the 
mites. 

Case 6: Endoscopic exploration of the upper respiratory 
tract of an adult male California sea lion was valuable 
during assessment of the extent of gunshot injury 
damage to the nasal passages. The injury created a 
large fistula into the left and right nasal passages. 
Introduction of the scope through the fistula enabled 
evaluation of the cribriform region. Introduction 
orally and retroflexion in the oropharynx allowed 
evaluation of the nasopharynx (Van Bonn unpubl. 
data). 

Case(s) 7: Flexible endoscopes were used to evaluate 
two walruses (Odobenus rosmarus) with intermit- 
tent epistaxis. One procedure was performed under 
general anesthesia, and another animal was trained 
to accept a 5-mm-diameter bronchoscope for nasal 
evaluation. Nasal mites were found in one animal 
(Walsh et al. 2005). A 17-year-old female walrus was 
trained over a 4-week period to allow rhinoscopy 
under operant conditioning to investigate a copious 
discharge, which would improve on antibiotics but 
recur following discontinuation of therapy. The rhi- 
noscopy revealed nasal mites, and the walrus was 
successfully treated with oral ivermectin (Fravel and 
Procter 2016). 


Rigid 

Although in general, flexible bronchoscopes are more com- 
monly used, a small-diameter rigid endoscope may be pref- 
erable in some applications and can be used to explore the 
nasal passages of small pinnipeds and sea otters. For exam- 
ple, nasal mites commonly occur in free-ranging sea otters 
and can become persistent in collection animals. Their pres- 
ence is easily detected via rhinoscopy (Figure 25.9). 

Likewise, thoracoscopy has been performed in manatees 
using rigid scopes to evaluate the lungs and pleural space fol- 


Figure 25.7 Endoscopic appearance of tracheal nodules (arrows). : . 
Needle aspiration of nodules confirmed cause as Aspergillus sp. lowing boat propeller strikes (see Chapter 42; Dover, Kolata, 


infection. (Courtesy of Dr. Mike Renner.) and Walsh 1998). 
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Figure 25.9 Nasal mites (Halarachne spp.) on nasal turbinates of a sea 
otter under sedation. (Courtesy of Dr. Mike Murray.) 


Gastrointestinal Endoscopy 


The most commonly performed endoscopic procedure, and 
an essential tool in marine mammal medicine, continues to 
be endoscopy of the upper gastrointestinal (GD tract, also 
known as gastroscopy. Lesions of the oropharynx, esopha- 
gus, stomach, or stomach compartments are common and 
typically easy to visualize with endoscopy, as are most for- 
eign bodies located in the upper GI. It is stereotypical for 
individual animals to present with vague changes in behav- 
ior or nonspecific laboratory markers of inflammation. But 
because upper GI tract involvement can easily be determined 
using a flexible endoscope, it has become a commonplace 
procedure in marine mammal medicine. In fact, many marine 
mammals, including several pinnipeds, have been operant- 
conditioned to allow upper GI endoscopic inspection under 
voluntary control (Figure 25.2). 

In most marine mammal species, using currently avail- 
able endoscopes, and progressing in an oral to aboral direc- 
tion along the digestive tract, the following anatomy can be 
entered and visualized: the oral cavity including all mucosal 
surfaces, teeth, tongue, palate, tonsils, taste buds, and sero- 
mucous gland openings; the oropharynx traversed by the 
distal laryngeal structures; the entire length of the esopha- 
gus and the distal esophageal sphincter region; the entire 
lumen of the forestomach or true stomach; the cetacean fun- 
dic chamber lumen (to varying degrees); and on occasion, in 
some species and some individuals, the connecting channel 
and pyloric chamber lumens (of cetaceans). The colon, rec- 
tum, anal canal, and anus can also be reliably inspected. 

The approach (above) to the structures of the upper GI 
tract is logically oral. In the lower GI tract, the approach is 
by retrograde insertion of the scope via the anus. The pro- 
cedure is relatively simple; however, complications can occur 
as the mucosa of the colon is relatively friable as compared 
to the esophagus and stomach. The subregions of the small 
intestines of small cetaceans are not easily distinguished 
from each other or the colon grossly; nor is it possible to 
distinguish these regions when viewing the mucosal surfaces 
with an endoscope. Portions of the proximal colon and the 


entire small intestine are not accessible with most available 
equipment. 

There are a variety of acceptable variations in the tech- 
niques for performing an endoscopic examination of the 
upper GI tract of cetaceans. Sedation of the animal with 
diazepam or midazolam may be indicated. However, esoph- 
agoscopy and gastroscopy are commonly performed safely 
without medication. Fasting for at least 6 hours prior to the 
examination is recommended. Normal gastric emptying time 
of dolphins is generally less than 4 hours, and solid food 
items observed at 6 or more hours may indicate delayed gas- 
tric emptying. Cetaceans not trained for in-water endoscopy 
are typically restrained in a stretcher or placed on a foam pad. 
Care must be taken to ensure the safety of both the atten- 
dants and the animal. The preferred technique is to place the 
animal in sternal recumbency on a padded surface. The dol- 
phin’s head is restrained by placing attendants on either side 
of the head. Prior to introducing the scope, clean terrycloth 
bath towels are placed around the maxillary and mandibu- 
lar rostrum. The upper (maxillary) towel should be placed 
first as the mandibles are delicate and may be fractured if 
the animal thrashes with no restraint of the maxilla in place. 
Never restrain the mandible without first controlling the max- 
illa. Two towels each on the maxilla and mandible may be 
needed in larger animals. A glove or additional towel wrapped 
around the hand introducing the scope is often useful as pro- 
tection from the sharp teeth of small cetaceans. Some clinicians 
prefer to use a speculum to facilitate endoscopy per os, but 
in our experience, animals object more to speculum use than 
handheld scopes. Oral speculums made from PVC tubes can 
be used, although many practitioners discourage their use; this 
rigid speculum should only be used if it is heavily padded to 
prevent damage to the oral mucosa of the patient. Larger ceta- 
ceans will require appropriately sized equipment for keeping 
the mouth open for examination. We have used molded rigid 
foam to make custom-fitting speculums that are gentle on the 
teeth and oral mucosa. Some clinicians prefer the use of large 
animal endotracheal tubes as speculums. 

It is useful to orient the scope image prior to passing into 
the pharynx, although the internal anatomy of the GI tract is 
less confusing than the respiratory tract. It is valuable to have 
one person passing the scope and another “driving” the distal 
optics at the scope controls. The endoscopist is positioned at the 
head of the animal (Figure 25.3), holding the control hous- 
ing in the dominant hand. The opposite hand advances the 
insertion tube, or (as mentioned above) an assistant is used to 
advance the tube. The distal scope tip is passed over the dol- 
phin’s tongue and into the oropharynx. As the scope enters 
the esophagus, air insufflation will be required to obtain an 
image. With the scope in place, the most efficient moves (in 
order) are (1) slow withdrawal; (2) rotation; (3) deflection of 
the tip; and (4) advancement. Withdrawing the scope is the 
safest move and increases perspective. This is often enough 
to orient the endoscopist and direct further movement. 
Rotation is generally safe, will also increase perspective, and 
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is often required prior to advancing. Indiscriminate advancing 
of the scope will lead to confusion and misdirection, and can 
potentially traumatize the patient. The most common cause 
for an obscured view occurs when the distal lens is placed 
directly on the mucosa, which appears as a blurred reddish- 
pink image. Slowly withdrawing the endoscope tip will cor- 
rect the problem. 

Because the oral cavity and esophagus of cetaceans con- 
tain a thick, tenacious mucus that readily adheres to the lens 
and blurs the image, ensure that you have a properly func- 
tioning water irrigation valve to prevent or correct this prob- 
lem. As the scope is advanced into the oropharynx, numerous 
punctate openings are visible in the mucosa. These are the 
openings of mucous glands, which lubricate food items 
prior to swallowing. Within the oropharynx, the larynx can 
often be seen, effectively bifurcating the proximal esopha- 
gus (Figure 25.5). The scope is advanced on either side of 
this bifurcation into the esophagus, insufflating as necessary. 
The normal cetacean esophagus is seen as longitudinal folds 
of mucous membrane to the level of the lower esophageal 
sphincter. A cardiac pulse is often observed with the scope 
at midthorax level. The lower esophageal sphincter of ceta- 
ceans is not as pronounced as in pinnipeds, and there is not 
a clear delineation between the mucosa of the forestomach 
and esophagus (Figure 25.5). 

The bottlenose dolphin has a three-chambered stom- 
ach. The first chamber (forestomach) has thick squamous 
epithelium-lined rugal folds that often appear lighter in color 
than the esophagus and are easily distinguished by their 
appearance. The second chamber is the fundic portion of the 
stomach, which is glandular and has a mucosal surface that is 
deep pink to red in color. The ostium between the forestomach 
and the second chamber is located cranially in the left ventral 
quadrant of the first compartment and is approximately 2.5 cm 
diameter in a mature bottlenose dolphin (Figure 25.5). The 
third chamber is the pyloric region with a thin mucosal lining 
and mucus glands. A small tubular structure, the connecting 
channel, connects the fundic and pyloric compartments. 

Once in the lumen of the forestomach, a prominent fold 
is seen along the right wall; the lumen of the forestomach lies 
to the left side of the animal (on the right side of the properly 
oriented image). By advancing the scope to the fundus and 
retroflexing the distal tip, the entire lumen of the forestomach 
can be examined. A moderate amount of cloudy greenish- 
brown fluid is usually present in the forestomach. The gross 
appearance and cytology of a sample of this fluid may aid in 
diagnosis. Aspirating this fluid or carefully repositioning the 
animal may be required to perform a complete examination. 
In clinically normal animals, it is not unusual to observe a 
waxy material floating on the fluid surface and coating the 
mucosa. 

In cetaceans, the peristaltic motion of the forestomach 
has two wave motions. A primary wave moves from the lower 
esophageal sphincter to the fundus; and a secondary wave 
proceeds from the fundus to the lower esophageal sphincter. 


In dolphins, this cycle was observed to occur at a rate of 
3-4 cycles per minute. Reduced peristalsis is frequently seen 
along with other indications of digestive disturbance (e.g., 
delayed gastric emptying, persistence of bones, elevated fore- 
stomach pH). Hypermotility has been observed with fore- 
stomach impactions and the presence of foreign materials. 
During the primary wave, gastric fluid from the glandular 
(second) stomach refluxes into the forestomach through the 
opening just distal to the lower esophageal sphincter on the 
left inferior aspect of the forestomach. With practice, this 
reflux and the opening can both be visualized by slow with- 
drawal of the scope with the scope tip retroflexed. The glan- 
dular (second) stomach is nondistensible, and the mucosa 
is organized in a distinct arrangement of roughly circular 
crypts. The mucosa is seen as a velvety-appearing deep red 
color (Figure 25.10). A complete evaluation of the lumen 
and mucosa is not possible, due to the stomach anatomy. The 
connecting channel between the second and third (pyloric) 
stomach compartments is intramural, small diameter, and “J” 
shaped. Therefore, it is not possible to examine the remain- 
der of the stomach compartments or proximal small bowel of 
cetaceans with current technologies. 

With liberal lubrication and cautious advancement, small- 
bore endoscopes can be introduced through the anus to 
evaluate the lumen and mucosa of the rectum and colon. 
We recommend using scopes intended for use in fluid media 
like those for evaluation of the urinary tract of humans, and 
distending the bowel with sterile isotonic fluids for these 
examinations. The mucosa of the lower gastrointestinal tract 
of marine mammals appears to be more friable than that of 
terrestrial species. As a result, trauma to the mucosa is eas- 
ily induced unless caution is used during endoscopic proce- 
dures. The indications for lower GI are infrequent, and the 
extent of the evaluation, i.e., how far the scope is advanced 
into the bowel, must be weighed against the potential for 
trauma. The farther the scope is advanced, the more difficult 
control becomes, and the more potential exists for difficulty 
visualizing tissue or inducing trauma. 

In cetaceans, as the scope is introduced through the 
anus and advanced proximally, the lining is observed as a 


Figure 25.10 Postmortem specimen showing lumen of dolphin fundic 
chamber and relative positions of the openings from the forestomach (a) and 
the connecting channel (arrow). (Courtesy of Dr. William Van Bonn.) 
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continuation of the skin for several centimeters. An obvious 
distinct demarcation is then seen as the mucosa changes to 
typical velvety red tissue (Figure 25.5). Samples for cytology, 
microbiology, or histopathology are easily obtained through 
the working channel of the scope. 


Flexible 


An adult female Pacific white-sided dolphin was noted to 
have multiple radiodense foreign bodies present in the upper 
GI tract on routine examination. This animal had been 
treated for many years with daily fluid therapy via stomach 
tube because renal calculi were present. On endoscopy, 
the opening between the forestomach and fundic chamber 
appeared unusually large, and the fundic chamber appeared 
flaccid. Numerous rocks were found in the lumen of the fun- 
dic chamber and easily removed with a Roth Net®. Additional 
evidence of upper GI flaccidity in this animal included an 
assemblage of coins in the pyloric chamber of the stomach 
visible on radiograph. These were not visualized endoscopi- 
cally, because the opening to the connecting channel was not 
found. This opening can be very difficult to identify in the 
live animal but is observed readily at postmortem (Figure 
25.10). In this unusual case, the coins did eventually pass 
per rectum. Typically, however, items of this size will not pass 
through the connecting channel. 

A juvenile male beluga whale was evaluated prior to 
transport. Endoscopy of the forestomach with the endo- 
scope retroflexed revealed many prominent mucosal folds 
at the lower esophageal sphincter region obscuring the 
opening to the fundic chamber. Generally, that opening can 
often be found by exploring the few mucosal folds in the 
region and directing the scope toward the clear fluid that 
flows from the fundic chamber into the forestomach through 
the opening. Additional suggested endoscopic approaches 
to the fundic chamber of dolphins are given by Reidarson 
(2003). The example here shows that conformational dif- 
ferences in this area can make it challenging to access the 
fundic chamber. 


Rigid 

There have been many reports of laparoscopic techniques in 
pinnipeds using rigid endoscopes. A recently weaned female 
northern elephant seal presented underweight and was noted 
to frequently regurgitate following orogastric tube feeding. 
Diagnostics, including positive contrast upper GI imaging, 
confirmed a diaphragmatic hernia. Using general anesthesia, 
the hernia was repaired under direct laparoscopic visualiza- 
tion. The animal’s clinical concerns resolved, and it was ulti- 
mately released (Greene et al. 2015). 

However, in cetaceans, there have been fewer cases 
reported using rigid laparoscopy techniques. In 1998, the 
first rigid laparoscopic procedure was performed in a bottle- 
nose dolphin for the purpose of a kidney biopsy. A diagnosis 


allowed for successful treatment, and the dolphin lived for 
many years postoperatively (Dover et al. 1999). This proce- 
dure was performed under general anesthesia, and this is 
what limited the number of procedures since. Recently, how- 
ever, with renewed interest in MIS in cetaceans (Dold et al. 
2012; Coisman et al. 2013; Higgins and Hendrickson 2013), 
there is a concerted effort to allow cetacean general anesthe- 
sia to become an “acceptable risk” (Bailey 2016). Additionally, 
in large animal medicine, laparoscopic procedures are fre- 
quently done under standing sedation and local blocks. This 
is well tolerated in both equine and bovine patients and 
should be possible for limited procedures in cetaceans. Heavy 
sedation, followed by local anesthesia, may be possible; how- 
ever, at this time, such an approach has not been attempted 
for rigid laparoscopy in cetaceans. 


Urogenital Endoscopy 


Flexible 


Flexible scopes for diagnostic cystoscopy have been used 
routinely for many years. Treatments utilizing cystoscopy 
have been performed in several cases in both pinnipeds and 
cetaceans. Retrograde cystoscopy of the urinary bladder has 
been performed in female dolphins, and at least one animal 
has been trained to allow this procedure while stationed in 
the water. This procedure requires a small-bore, sterile scope 
and needs to be performed with scopes designed for use 
with fluid distending media. The urethral orifice of female 
dolphins is located at the apex of the clitoris. The entire geni- 
tal slit should be cleansed with an antiseptic prior to scope 
introduction. Sterile technique must be used when handling 
the scope during cystoscopy. 

To our knowledge, urethroscopy or cystoscopy of male 
cetaceans or pinnipeds has not been reported. It is likely 
that by passing a small-bore endoscope retrograde within the 
urethra, as one would a urinary catheter, this procedure may 
be performed. 

Flexible endoscopy is routinely used to facilitate artifi- 
cial insemination of cetaceans during application of advanced 
reproductive technologies for breeding programs. Semen is 
generally deposited into the lumen of the uterine horn(s) 
after passing the scope via the vaginal vault through the 
pseudocervix and true cervix (Figure 25.11). The entire 
lumen of the uterus of female dolphins can be examined 
with sterile small-bore scopes. This must be performed as 
a sterile procedure with preparation of the genital slit as 
for cystoscopy. In addition, flushing the entire vaginal vault 
with an antiseptic wash to remove sources of contamina- 
tion that may be introduced through the cervix should be 
included in patient preparation. With the animal in lateral 
recumbency, a sterile speculum is placed into the vagina 
and advanced to the level of the pseudocervix. The scope 
is then inserted through the speculum, the true cervix 
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visualized, and the scope advanced into the lumen of the 
body of the uterus. Distention of the uterus with sterile 
isotonic fluid and use of scopes designed for fluid media 
are recommended. 

Indications for hysteroscopy are not frequent, and the 
above approach can be very difficult in animals that are 
not postpartum. However, as controlled breeding of small 
cetaceans becomes more critical to maintaining populations 
under human care, this may prove to be a valuable part of 
breeding soundness examinations (see Chapter 10). 

Urinary cystoscopy followed by retrograde ureteroscopy- 
guided laser lithotripsy was used to successfully treat an 
adult female Atlantic bottlenose dolphin with urinary calculi 
(Schmidt and Sur 2012). Retrograde ureterosopy in conjunc- 
tion with laparoscopic visualization of the obstructed ureter 
under general anesthesia was attempted in a 31-year-old male 
Atlantic bottlenose dolphin with chronic severe nephrolithia- 
sis (Meegan et al. 2012). 

A juvenile orphaned male Pacific walrus pup was identi- 
fied to have a small tear in his bladder, using a 3-mm_-diameter, 
100-cm-long flexible urethroscope. The bladder successfully 


Anatomy visualized endoscopically during artificial insemination in an Atlantic bottlenose dolphin: (a) vaginal vault, (b) pseudocervix, 


(c) true cervix, and (d) uterine lumen. (Courtesy of Dr. William Van Bonn.) 


healed after placement of a Foley catheter for several days, 
which allowed the tear to heal without additional intervention 
(Dover and Goertz pers. comm.). 


Rigid 
Rigid scopes can be used to evaluate the urogenital tract in 
females both directly and via laparoscopic views. 

A mass in the abdomen of an adult female California 
sea lion was discovered by palpation during an examina- 
tion under sedation. A laparoscopic survey examination 
of the abdomen under general anesthesia confirmed that 
the mass was associated with the left uterine horn. Under 
laparoscopic visualization, a percutaneous core biopsy was 
conducted (Figure 25.12) and the mass confirmed as a 
leiomyoma. 

Laparoscopic surgeries have been used to evaluate or 
manage ovarian disease in female pinnipeds of three spe- 
cies: a gray seal (Halichoerus grypus), a Patagonian sea lion 
(Otaria flavescens), and a South American sea lion (Otaria 
byronia, LaCave et al. 2009; Roque et al. 2008). It is important 
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Figure 25.12 Laparoscopic guided percutaneous core biopsy of a 
uterine mass in an adult female California sea lion. (Courtesy of TMMC, 
Dr. William Van Bonn.) 


to note that the authors report the Patagonian sea lion died 
under anesthesia and the South American sea lion died the 
day following anesthesia; the gray seal, however, survives to 
this day. 

The urogenital tract of sea otters can be examined lapa- 
roscopically, and laparoscopic ovariectomy is feasible in this 
species (Figure 25.13). A rigid scope can also be used to 
visualize the vaginal vault and cervix of female sea otters by 
distending the vault with saline (Figure 25.14). 


Other Applications 


There are a variety of additional creative applications for the 
use of endoscopes in marine mammals. 


Flexible 


In 2006, a female Indo-Pacific bottlenose dolphin (Tursiops 
aduncus) previously diagnosed with parasitic (Crassicauda spp.) 


Figure 25.14 Saline-infusion vaginoscopy of adult female Southern sea 
otter with cervix visible. (Courtesy of Dr. Mike Murray.) 


mastitis by ultrasonography of the mammary glands and adja- 
cent muscles, and parasitology of the mammary secretions, 
was evaluated using a flexible scope. Using a 2.8-mm-diameter 
flexible endoscope introduced in the main lactiferous duct via 
the teat, the largest part of an adult female parasite was 
able to be removed and the mastitis resolved (Mauroo et al. 
2008). 


Rigid 

An underweight and lethargic adult female California sea 
lion presented in poor body condition and was admitted for 
treatment. Active protozoal myositis was suspected based 
on serum enzyme levels and increasing antibody titers. The 
infection was confirmed by laparoscopic biopsy of the dia- 
phragm (Carlson-Bremer et al. 2012; Figure 25.15). 

Exploratory laparoscopy has proven valuable while 
assessing the health of free-ranging sea otters. The proce- 
dure facilitates visualization of anatomy as well as biopsy and 
documentation of pathology, such as that caused by migrat- 
ing acanthocephalid parasites (Figure 25.16). 


Figure 25.13 


Laparoscopic visualization of normal kidney (left) and ovary (right) of female Southern sea otter. (Courtesy of Dr. Mike Murray.) 
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Figure 25.15 Images depict before (top) (red circle indicates biopsy site), during (middle), and immediately following (bottom) laparoscopic biopsy 
of the abdominal surface of the diaphragm of an adult female California sea lion. Biopsy confirmed a diagnosis of sarcocystiasis. (Courtesy of 
Dr. William Van Bonn.) 


Figure 25.16 Numerous fibrin- 
ous adhesions and granuloma 
formation associated with chronic 
acanthocephalid-related peritonitis 
in a sea otter (left), and acanthoce- 
phalid parasites that have migrated 
through the parietal peritoneum 
(right). Note localized vascular 
response. (Courtesy of Dr. Mike 
Murray.) 
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Conclusions 


The first description of endoscopy in marine mammals was 
reported by Greenwood and Taylor in 1978. They described 
using gastroscopy for “diseases of the upper gastrointesti- 
nal tract, including ulceration, infection, parasitism and the 
effects of ingested foreign bodies” and to “aid in the removal 
of foreign bodies” (Greenwood, Taylor, and Wild 1978). Forty 
years later, we continue to use gastroscopy on a routine basis 
for the same indications. While the equipment has continued 
to improve, the basic principles remain the same today. And 
today we see an increasing number of applications being 
developed, practiced, tried out, and reported to colleagues. 
With ongoing improvement in technology and continued 
case study and management, the potential for endoscopy 
seems unlimited and unknown. The cases described in this 
chapter demonstrate just a few of the creative approaches to 
concerns that are routinely seen. Advancing the practice of 
marine mammal medicine continues to be limited by the low 
number of total cases relative to domestic animal and human 
cases, and our learning curve has been slow. This chapter 
is meant to challenge all practitioners to find uncommon 
solutions for the diagnosis and treatment of both common 
and rare conditions and to continue the transfer of knowl- 
edge and collaboration within the community and among 
collaborators. 
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Introduction 


Marine mammal anesthesia is a topic of continual interest 
and research, with novel anesthetic agents, monitoring tech- 
niques, and anesthetic protocols regularly introduced. Since 
the previous edition of this chapter, several excellent reviews 
of marine mammal anesthesia have been summarized (West 
et al. 2014). Ongoing research, specific situations, and differ- 
ences among species dictate that the veterinarian planning 
an anesthetic procedure is familiar with previously successful 
techniques and selects the protocol best suited to the task 
at hand. When anesthetizing marine mammals, planning is 
vital, and training is even more important. Anesthesia-related 
morbidity and mortality in marine mammals has created anx- 
iety for veterinary staff and curators. However, with diligent 
monitoring, use of safer agents, and increased experience 
among marine mammal clinicians, the risk associated with 
marine mammal anesthesia has decreased and is compara- 
ble to that of large terrestrial domestic and zoo species. A 
marine mammal’s response to an anesthetic agent is affected 
by anatomic and physiologic adaptations to a life at sea. The 
dive response, for example, is a complex set of physiologic 
adaptations that allow breath holding and conservation of 
oxygen (see Chapter 6). Many of these adaptations can com- 
plicate anesthesia, and activation of the dive response has 
been implicated in mortality of anesthetized marine mam- 
mals (Gales and Burton 1988; Phelan and Green 1992). This 
chapter reviews the more recent literature pertaining to anes- 
thesia of marine mammals. Consultation with experts may be 
necessary to further understand the details and to develop an 
adequate protocol for each specific situation. 


Anesthetic Protocol 


Preanesthetic Examination 


1. Start a patient record. 

2. Note patient presentation, demeanor, and previous 
anesthetic history. 

. Note any medications being given to the animal. 

. The physical examination should be as complete 
as possible, recognizing that this may be limited in 
a potentially dangerous free-ranging animal. Vital 
parameters that should be evaluated include heart rate 
and rhythm, mucous membrane color, capillary refill 
time, hydration status, and respiration rate and quality. 

5. Obtain and review any clinical laboratory data. 

6. Generate an impression of anesthetic risk. 


HX Go 


Scale of 1-5 as assigned by American Society of 
Anesthesiologists (ASA): 

Class I: minimal risk, normal healthy; 

Class II: mild risk, minor disease, neonate/obese/ 
geriatric; 


Class III: moderate risk, moderate systemic disease 
(i.e., anemia, dehydration, fever, cardiac disease); 

Class IV: high risk, compromised patient (i.e., severe 
dehydration, pneumonia, uncompensated heart 
disease, or shock); 

Class V: extreme risk, moribund patient with life- 
threatening disease. 


Choosing a Specific Anesthetic Protocol 


Veterinarians should ask themselves the following questions 
before choosing an appropriate anesthetic protocol: 


1. Is the procedure required, and are there safer alterna- 
tives for the animal and personnel for reaching the 
desired objective? 

2. Is the animal a suitable candidate for the procedure? 

3. What type of procedure is planned, how long is the 
procedure, and what depth of anesthesia is desired? 

4, To which anatomical region is the procedure confined? 

5. What preanesthetic conditions exist in the animal 
that may affect the immobilization, metabolism of the 
agents, or recovery, and can these be addressed to 
minimize risk? 

6. Can drugs be administered safely and completely? 

7. What type of facility is available in which to perform 
the immobilization? 

8. If this is a field immobilization, are weather and envi- 
ronmental conditions appropriate for the procedure, 
and are there sufficient numbers of trained personnel 
available? 

9. What types of emergency equipment and supplies 
are available? 

10. Which anesthetic agents have been previously evalu- 
ated in this species and for this procedure? 

11. Which anesthetic agents are available? 

12. What levels of expertise do the available personnel 
have with the various anesthetic agents, and with the 
species involved? 

13. What potential complications can arise due to the 
anatomy and physiology of the species involved and 
how can they be prevented? 

14. What complications can arise due to the procedure, 
and how can these be prevented? 


Monitoring Techniques 


Monitoring of physiologic parameters is required so that any 
changes can be addressed in a timely manner, and adequate 
support provided before irreversible effects occur. It is best to 
appoint one person whose sole responsibility is monitoring the 
patient during an anesthetic procedure. Electronic monitors 
should not be relied upon to the exclusion of direct assessments 
of the animal, such as respiration and depth of anesthesia. It is 
possible for an anesthetist to become absorbed in watching an 
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electronic monitor or too reliant on a single parameter and not 
notice an important change in some other factor, such as depth 
of anesthesia. Trends in values are often more important indi- 
cators of physiologic change than single values, and adequate 
record keeping assures that trends in any measured parameter 
are recognized and addressed. Several factors are important 
in choosing monitoring equipment and technique. These may 
include the ability to use a piece of equipment given the varied 
anatomy and physiology of many marine mammal species; cost; 
familiarity and experience of the personnel involved, relative 
value of the information compared to the time and expertise 
required to use a piece of equipment; and available facilities. 
Multiple parameters should be monitored and limitations of each 
monitor or parameter should be recognized. These parameters 
will be discussed as they apply to each group of marine mam- 
mals in the following sections below. Normal values for many 
of the parameters are not established in many marine mam- 
mal species, and the effects of the various anesthetic agents 
are even less understood. The desired depth of anesthesia for a 
procedure, combined with continual assessment of the depth, 
will avoid excessive depression of the patient. Acute changes, 
in addition to negative trends, in each monitored parameter 
should be addressed immediately. The anesthetist needs to be 
aware of potential emergencies and be prepared for each before 
they happen, so response is not delayed. 


Noninvasive Techniques 


Assessment of reflexes (including withdrawal, palpebral and 
pupillary reflexes, nares/blowhole, and jaw tone): 


A. Auscultation with a stethoscope 

. Thermometer 

. Pulse oximeter 

. Capnometer 

. Electrocardiogram 

. Indirect blood pressure 

. Ultrasound or Doppler flow probe 

. Expired gas anesthetic agent concentration 


TOnmmooow 


Invasive Techniques 


Invasive techniques to assess physiologic parameters under 
anesthesia include monitoring 


A. Central venous pressure 

B. Arterial blood pressure 

C. Blood gas parameters 

D. Cardiac output (usually only used in hospital or 
research situations) 


Cetaceans 


Sedation and general anesthesia in cetaceans have been 
increasingly utilized with improving clinical management. 


The bottlenose dolphin (Yursiops truncatus) is the species 
from which most experience has been acquired. However, 
anatomic and physiologic differences exist between spe- 
cies, as do the requirements necessary to handle vari- 
ous sized cetaceans. Extensive planning and preparation is 
required for cetacean anesthetic procedures to be successful. 
Multidisciplinary collaboration among clinicians, anesthesi- 
ologists, radiologists, pharmacologists, and physiologists has 
advanced techniques for vascular access, ventilation, monitor- 
ing, and understanding of the pharmacodynamics of anes- 
thetics in cetaceans (see Chapter 25). This has resulted in 
improved outcomes of general anesthetic procedures that are 
still relatively rare in this group of animals. 


Anatomic and Physiologic Considerations 


Detailed anatomy is reviewed in Chapter 7, and an over- 
view of dive response is reviewed in Chapter 6. But here, 
we reemphasize features pertinent to anesthesia. The elonga- 
tion of the larynx (mainly the epiglottal and cricoarytenoid 
cartilages) forms the “goosebeak” that transects the orophar- 
ynx, sealed in place dorsally by the nasopharyngeal sphincter 
muscle, which connects the trachea to the upper respiratory 
nasal sacs and blowhole (Reidenberg and Laitman 1987). The 
modification of the larynx creates a sealed channel for food 
to bypass an isolated respiratory tract. The larynx is locked 
into this intranarial position, but can be displaced or lux- 
ated by large food items, foreign bodies, and behaviorally or 
manually luxated craniad for orotracheal intubation following 
anesthetic induction (Dold 2015). Dolphins have a relatively 
short, compliant trachea composed of spiraling, irregular- 
shaped rings that leads to a right accessory bronchus preced- 
ing the carina and into the mainstem bronchi (Moore et al. 
2011). Bottlenose dolphins have a tidal volume of approxi- 
mately 5-10 L, breathe 1-3 breaths/minute, and exchange up 
to 90% of their tidal volume in one breath. Their respira- 
tory cycle consists of a rapid 0.3 second inhalation, followed 
by a breath-hold or apneustic plateau (Ridgway 1972; Snyder 
1983). A dramatic sinus arrhythmia occurs when the heart 
rate will slow during diving and then speed up during respi- 
ration. This fluctuating rate is often referred to as the “split” 
in the cardiac rate that is noted during sedation or anesthetic 
events. A Hageman factor deficiency reduces clotting, which 
may be advantageous during diving events, when blood flow 
in organs is slowed (Robinson Kropatkin, and Aggeler 1969; 
Semba et al. 2000). 


Physical Restraint 


Cetaceans under human care are accessed by draining a pool, 
raising a medical pool bottom, seining in a net, or trained to go 
into a stretcher and lifted out of the pool or habitat and placed 
on a padded surface. Closed-cell foam provides the best cush- 
ion for distributing body weight and minimizing pressure on 
dependent parts (see Chapter 33). For larger cetaceans, such 
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as beluga (Delphinapterus leucas), pilot whale (Globicephala 
sp), and orca (Orcinus orca), multiple layers of open-cell 
foam topped with closed-cell foam are necessary to distribute 
weight and avoid pressure points. Cetaceans are often placed 
in ventral or right lateral recumbency to avoid placement on 
the left-sided gastrointestinal organs. Whenever cetaceans are 
out-of-water, their skin needs to be kept moist to maintain 
appropriate thermoregulation. Eyes should be lubricated with 
ophthalmic ointment to prevent damage to the cornea. Care 
in handling stretchered cetaceans with appropriate personal 
protective equipment (PPE), including hard hats and appro- 
priate footwear, is important to prevent serious injury. Staff 
must be aware of their position at all times and position them- 
selves away from the flukes. 


Sedation 


Reversible sedatives are preferred in marine mammals to 
decrease recovery time (Table 26.1). The use of anxiolytics, 
such as benzodiazepines, during transportation of cetaceans 
may decrease anxiety associated with handling and facilitate 
acclimation into a new habitat or social structure. Additionally, 
benzodiazepines, such as diazepam or midazolam, are com- 
monly used for light sedation during minor procedures, 
and as preanesthetic agents to facilitate general anesthesia. 
Midazolam is a centrally acting muscle relaxant that can 
be administered intramuscularly (IM) or intravenously (IV), 
depending on the desired duration of action, and has been 
shown in humans to be three times more potent than diaz- 
epam (Zacco, Seifert, and Gross 1999). Both can be reversed 
with flumazenil. IM injections are administered in the epaxial 
musculature on the dorsum, cranial to the dorsal fin. Avoid 
injections in the paralumbar region adjacent and caudal to the 
dorsal fin due to the dense connective tendon sheaths there. 
Caution should be used when administering midazolam to 
Pacific bottlenose dolphins (Zursiops truncatus gilli) or their 
hybrids, as some dolphins have exhibited profound respira- 
tory and cardiac depression (Smith, pers. comm.). Increased 
sedation for minor procedures, such as tooth extractions or 
gastroscopy, may be accomplished using a combination of 
benzodiazepines with an opioid sedative, such as tramadol 
or butorphanol. Intramuscular midazolam has been given to 
one stranded gray whale (Eschrichtius robustus) to produce 
sedation prior to euthanasia (see Chapter 28). A combina- 
tion of midazolam with either meperidine or butorphanol 
was administered in a series of doses to North Atlantic right 
whales (Eubalaena glacialis) with rope entanglement to 
increase approachability, but resulted in increased swimming 
speed and respiration rate (Moore et al. 2010). 

Utilization of local anesthesia can greatly decrease the 
amount of drug needed for sedation. Lidocaine has been 
delivered into the periodontal ligaments for tooth extraction 
(Ridgway, Gren, and Sweeney 1975) and into the dorsal fin 
for attaching instrument packages using a dental anesthesia 
injector (Townsend, pers. comm.). Lidocaine has also been 


used as an aid in intubation (Rieu and Gautheron 1968), 
and preservative-free lidocaine or tetracaine has been used 
to facilitate bronchoscopy (Reidarson et al. 1998). Cetaceans 
appear to be sensitive to opioid sedatives and may experience 
respiratory depression or decreased gastrointestinal motil- 
ity, and caution should be used during dosing. In case of 
overdose or observed respiratory depression, opioids can be 
reversed with naloxone or naltrexone, while benzodiazepines 
can be reversed with flumazenil IV or IM. 


Vascular Access 


Peripheral vessels that are primarily accessible during anes- 
thesia are those associated with the periarterial venous rete 
of the fluke veins, the ventral caudal peduncle vein, super- 
ficial lateral peduncle vein, and the arteriovenous plexus of 
the ventral fore flipper (see Chapter 35). Anesthetic induc- 
tion agents have primarily been given through the peduncle 
and lateral caudal subcutaneous veins. Many of the peripheral 
sites are arteriovenous bundles including the dorsal and ven- 
tral fluke periarterial vascular rete (PAVR) or ventral peduncle 
PAVR, and blood collection can yield mixed venous and arte- 
rial blood. Most managed cetaceans are trained for volun- 
tary blood collection from the ventral or dorsal fluke using 
a 19-25 gauge, 0.75-1.5 inch needle, or 19-25 gauge scalp 
venous set, depending on the size and species of cetacean. 
Intravenous fluids and antibiotics can be administered in this 
site. However, the quality of venipuncture (e., depth of nee- 
dle, flow of blood, position of needle bevel within vein) can 
limit successful use of these sites for larger fluid volumes. 
Vasculitis associated with certain therapeutic agents or infec- 
tion may compromise distal circulation and perfusion to the 
fluke. 

The peduncle PAVR is larger and is preferred for admin- 
istration of larger volumes of antibiotics, fluids, or sedatives. 
The vessel is accessed from the ventral peduncle ridge just 
proximal to the bifurcation of the right and left fluke PAVRs. 
The peduncle PAVR is deep to the dense connective tissue of 
the peduncle and requires a longer needle such as 1.5-2 inch, 
18-21 gauge. The needle may be left in place as a needle 
catheter for constant-rate infusions, blood gas measurement, 
and/or arterial blood pressure measurement. The larger ves- 
sels in this PAVR have allowed repeated venipuncture to treat 
iron overload in bottlenose dolphins (johnson et al. 2009). 
The PAVR of the dorsal fin can also be used, although the 
size of the vessels varies from species to species, with suc- 
cessful venipuncture more common in larger animals. The 
site can be used for fractious animals to avoid the fluke or 
as a second site for sedative or antibiotic administration. The 
size of needle used is similar to that of those used for the 
peduncle PAVR. The lateral caudal subcutaneous vein (LCSV) 
has become the preferred site for intravenous catheterization 
using ultrasound guidance. The vessel runs cranial to caudal, 
subcutaneous to the blubber layer in the caudoventral pedun- 
cle at the junction of the dorsal and ventral hypaxial muscles. 
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Intravenous (IV) catheterization of the LCSV is enabled by 
dilating the vessel with manual pressure cranial to the site of 
catheter placement with the patient in lateral recumbency. A 5 
French single- or double-lumen catheter (MILA, International, 
Inc., Florence, KY) is inserted with the aid of a stiffened 21 
gauge, 7 cm microintroducer needle set (Micropuncture® 
Introducer Set, Cook, Bloomington, IN) and wire guide, with 
visualization of the vessel utilizing ultrasound Uvanéié, Bailey, 
and Costidis 2014). 

Arterial catheterization has been performed using ultra- 
sound guidance and palpation of the ventral front-flipper 
PAVR. Catheter placement using a 4 French, 10 cm catheter 
(MILA, International, Inc., Florence, KY) with 21 gauge, 7 cm 
microintroducer set (Micropuncture® Introducer Set, Cook, 
Bloomington, IN) has been successful in recording blood 
pressure (Ivanéié, Bailey, and Costidis 2014). Values of arte- 
rial blood pressure should be interpreted with caution due to 
shifts in positioning or needle placement and arterial confir- 
mation. Other less commonly used sites, due to depth of the 
PAVR and difficulty of access or catheterization, include the 
extradural caudal vascular bundle, common brachiocephalic 
vein, and hepatic veins. 

With vascular access established, anesthetic induction 
agents can be administered in a controlled manner through 
a patent catheter or needle. Historically, intramuscular atro- 
pine at 0.02 mg/kg was given as a preanesthetic agent prior 
to anesthesia (Ridgway and McCormick 1967); however, most 
current protocols have not utilized anticholinergics because 
bradycardia and excessive respiratory secretions have not 
been observed. In addition, Manire et al. (2002) reported sub- 
acute toxicity in a pygmy sperm whale (Kogia breviceps) that 
received serial injections of atropine (0.01 mg/kg) to treat 
condition of pyloric stenosis that resulted in reversible hyper- 
excitability and ascending paralysis. 

Intravenous induction agents (Table 26.1) that have been 
used. successfully in cetaceans include thiopental (Ridgway 
and McCormick 1967, 1971) and propofol (Linnehan and 
MacMillan 1991; Dover et al. 1999; Rosenberg et al. 2017), 
with additional boluses of midazolam. Propofol is adminis- 
tered as a slow bolus, giving half the calculated dose and 
evaluating the patient’s reflexes to see if additional propo- 
fol is needed for manual intubation. Midazolam boluses have 
reduced the amount of propofol necessary for intubation and 
provided additional muscle relaxation. 


Intubation 


After administration of the anesthetic induction agent, the 
patient’s respiration rate will progressively decrease, and 
reflexes (palpebral, blowhole, and swallow reflex) will abate. 
When jaw tone is minimal, physical aperture of the maxilla 
and mandible can be accomplished with soft ropes or towels 
to allow manual palpation of the larynx. Intubation of odon- 
tocetes requires multiple personnel: one to hold the maxilla, 
one to hold the mandible, one to pass the endotracheal tube 


(ET), and several to restrain the patient. The oral mucosa can 
be easily bruised, so care must be exercised not to injure 
the rostrum and oral mucosa during intubation. Historically, 
intubation was accomplished in fully awake cetaceans prior 
to administration of an induction or inhalant anesthetic agent. 
This method is no longer used, and the administration of an 
injectable induction agent makes the procedure much easier 
on the animal (Ridgway and McCormick 1967, 1971; Linnehan 
and MacMillan 1991; Rosenberg et al. 2017). Endotracheal 
intubation of adult dolphins is conducted blindly and is 
accomplished by manual luxation of the goosebeak from the 
nasopharyngeal sphincter of the blowhole passage by reach- 
ing into the mouth, pulling the larynx anteroventrally, insert- 
ing one to two fingers into the glottis and then slipping a 
large animal ET (size 20-30 mm diameter) with an inflatable 
cuff into the trachea (Nagel, Morgane, and McFarland 1964; 
Ridgway and McCormick 1971). Endoscopic intubation can be 
performed by placing the ET over the endoscope and sliding 
the ET into the glottis with manual retraction of the larynx 
and visualization of the epiglottal fornix. Care must be taken 
not to pass the endotracheal tube past the right accessory 
bronchus or into the mainstem bronchi, or greater than 20 cm 
past the larynx in bottlenose dolphins. Smaller odontocetes 
that have a small oropharynx, in which a hand cannot be 
passed easily through the mouth to disengage the larynx, 
have been intubated through the blowhole after topical anes- 
thetic (2% lidocaine) has been injected into the blowhole and 
applied directly through the ET to the larynx and trachea to 
prevent spasm of the glottis (Rieu and Gautheron 1968). This 
technique is more complicated than the oral approach, as the 
nasal cavity can be very narrow, limiting the size of the ET 
and mobility of tube passage through the nasal sinus cavity. 


Inhalation Anesthesia 


Once intubation is accomplished, cetaceans should be manu- 
ally ventilated to ensure there are no leaks in the anesthesia 
circuit and then placed on an anesthetic ventilator. Dolphins 
have been anesthetized with nitrous oxide (Ridgway and 
McCormick 1967), halothane (Ridgway and McCormick 1967), 
isoflurane (Linnehan and MacMillan 1991; Dover et al. 1999), 
and sevoflurane (Rosenberg et al. 2017). Nitrous oxide did 
not produce sufficient loss of peripheral reflexes without 
first resulting in cyanosis and is not thought to be an ade- 
quate anesthetic agent in dolphins (Ridgway and McCormick 
1967, 1971). Halothane produces a reliable surgical plane of 
anesthesia (Ridgway and McCormick 1967). There has also 
been very little hepatic toxicity reported as a result of pro- 
longed use of halothane (Medway et al. 1970). Sevoflurane 
or isoflurane are currently the most common agents utilized. 
Sevoflurane is less fat-soluble and patients appear to recover 
more quickly. While loss of swimming motion has been used 
to indicate adequate depth of anesthesia for surgery, mini- 
mum alveolar concentration (MAC) levels for sevoflurane and 
isoflurane have not been established for marine mammals 
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(Ridgway and McCormick 1967). MAC levels for sevoflurane 
range from 1.97 to 3.70 for rabbits and pigs, respectively 
(Steffey, Mama, and Bronson 2015). In dolphins, MAC end- 
expired sevoflurane levels have ranged between 1.7% and 
2.3% (Bailey, pers. comm). 

Paralytic agents have been utilized to allow better access 
to the eye for surgery or biopsy, and to decrease the depth of 
general anesthesia needed to overcome a marked palpebral 
reflex. Atracurium is dosed in boluses for short-term systemic 
paralysis. Edrophonium is given to reverse effects of atracu- 
rium. Observation of heart rate is advised during adminis- 
tration, as edrophonium (reversal) administration can cause 
bradycardia. 


Monitoring 


A flexible thermometer probe is inserted approximately 15- 
25 cm into the rectum, depending on the size and position of 
the cetacean patient, or the esophagus, with depth influenc- 
ing accuracy of temperature recordings (Nagel, Morgane, and 
McFarland 1964; Ridgway and McCormick 1967; Rommel et al. 
1992). Normal core body temperature of dolphins is approxi- 
mately 35-38°C (Costa and Williams 1999), with between 
36.0°C and 37.5°C considered adequate in anesthetized bottle- 
nose dolphins (Ridgway, McCormick, and Wever 1974). Mild 
hypothermia with a temperature of 35.3°C was noted during 
the recovery of a bottlenose dolphin anesthetized with isoflu- 
rane (Linnehan and MacMillan 1991). 

Heart rate is best monitored with an electrocardiograph 
(ECG) and/or pulse oximeter (Ridgway and McCormick 1967, 
Linnehan and MacMillan 1991). Lead placement is similar 
to that in domestic animals. Suction cup or adhesive elec- 
trode leads with gel are often necessary to maintain contact 
on cetacean skin. Cetaceans will exhibit a profound sinus 
arrhythmia with apneustic breath-hold at rest. Animals that 
are anxious or showing physiologic stress response will often 
override arrhythmia with mild tachycardia (100-120 beats/ 
minute). Pulse wave profiles and ECG complexes in cetaceans 
will often appear small compared to domestic animals due 
to the increased size of the chest cavity compared to lead 
attachment. General anesthesia may disrupt cardiac arrhyth- 
mia and result in a constant rate (Ridgway 1972). Heart rate of 
halothane-anesthetized bottlenose dolphins is approximately 
108-120 beats per minute (Ridgway and McCormick 1967). 
Heart rate of sevoflurane-anesthetized bottlenose dolphins 
is approximately 75-120 beats per minute (Schmitt, unpubl. 
data). A heart rate below 60 beats per minute is of concern 
in an anesthetized cetacean (Ridgway and McCormick 1971). 

Blood gas measurements can be made with point-of-care 
instruments, such as the I-stat® handheld blood analyzer, 
which provides real-time data to correlate with pulse oxime- 
try or capnography data. Blood is collected and placed imme- 
diately into a cartridge to obtain the most accurate results 
for pO,, pCO,, HCO,, sO,, lactate, and pH. Blood gas results 
from peripheral fluke arteries and veins correlated well with 


those in blood taken from the carotid artery (Ridgway and 
McCormick 1967; Rieu and Gautheron 1968). Values have 
been maintained at 95-120 mm Hg, 30-45 mm Hg, and 
7.2-7.4 for pO,, pCO,, and pH, respectively, in anesthetized 
bottlenose dolphins (Ridgway, McCormick, and Wever 1974). 
In our experience, the radial artery in the front flipper is the 
most reliable peripheral sampling site. Mixed venous PAVR 
sites can be sampled in the flukes, peduncle, lateral caudal 
subcutaneous vein, and brachiocephalic veins. Oxygen and 
CO, from inspired and expired gas have been measured via 
an oxygen analyzer (Ridgway and McCormick 1967) and 
pulse oximeter. Side-stream sampling ports attached to the 
ET are best for collecting real-time data under anesthesia. 
Sampling in sedated patients during blowhole exhalation 
may also be worthwhile to evaluate the quality of ventilation 
and perfusion. Pulse oximetry has been used in isoflurane- 
and. sevoflurane-anesthetized bottlenose dolphins to moni- 
tor O, saturation via a lingual clip, with recorded values of 
96-98% (Linnehan and MacMillan 1991; Schmitt, unpubl. 
data). Anesthetic gas measurement has also been recorded in 
isoflurane- and sevoflurane-anesthetized dolphins. 

Mean arterial blood pressure (MAP) has been measured 
in bottlenose dolphins and Pacific white-sided dolphins 
(Lagenorhynchus obliquidens; Ridgway and McCormick 1971; 
Ridgway, McCormick, and Wever 1974). MAP varied from 120 
to 130 mm Hg in resting bottlenose dolphins and dropped to 
an average of 115 mm Hg under halothane anesthesia. These 
values were slightly higher in Pacific white-sided dolphins, 
145 and 130 mm Hg before and during anesthesia, respec- 
tively. MAP has been sporadically measured in bottlenose dol- 
phins during sevoflurane anesthesia from the radial artery at 
77-133 mmHg (Bailey, pers. comm.). Central venous pressure 
has been measured in bottlenose dolphins with ultrasound- 
guided catheterization of the common brachiocephalic vein 
(CBV) and the caudal vena cava (Dold and Ridgway 2014). 

Depth of anesthesia is assessed in much the same way as 
in other marine and terrestrial mammals. Reflexes that have 
been used to indicate depth of anesthesia include the palpe- 
bral, corneal, and gag reflexes (Ridgway and McCormick 1967, 
1971). In addition, withdrawal of the tongue, movement of the 
peduncle or flukes, movement of the blowhole in response to 
touch, or movements of the animal when the vagina or penis 
were stimulated have been used (Ridgway and McCormick 
1967, 1971). Loss of the swimming motions made by the tail 
flukes was found to be the most reliable indicator of surgical 
plane of anesthesia (Ridgway and McCormick 1967). 


Support 


Temperature regulation is an important aspect of cetacean 
sedation and can be accomplished by regulating the water 
temperature immediately surrounding an anesthetized ani- 
mal, or by using warm blankets, fluids, or enemas, in response 
to its core temperature (Ridgway, McCormick, and Wever 
1974). Some tranquilizing agents, such as the phenothiazines 
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(acepromazine), may cause peripheral vasodilation and 
subsequent hypothermia and are no longer recommended 
(Ridgway and McCormick 1971). Hypothermia will delay 
recovery time, so maintaining normal body temperature is 
key to maintaining an efficient anesthetic recovery. Choosing 
reversible anesthetic agents that allow for improved ventila- 
tion and perfusion can aid recovery rate and earlier return to 
the water. The use of a specially designed surgery table that 
is partially filled with water, if the desired procedure allows 
for it, can reduce weight-bearing (Ridgway, McCormick, and 
Wever 1974). 

While ventilatory support is not usually needed for 
sedation, supplementary ventilation is often necessary for 
cetaceans undergoing general anesthesia due to the loss of 
consciousness, respiratory depression associated with most 
anesthetic agents, and lack of sensitivity of central chemore- 
ceptors. A large animal ventilator (SurgiVet LDS 3000, Smiths 
Medical, Dublin, OH 43017) or purpose-built ventilator 
(Mallard Medical, AB Medical Technologies, Inc., Redding, CA 
96002) for dolphins with tidal volume capacity up to 15-30 L 
have been used to maintain a respiratory cycle sufficient for 
dolphins. Bottlenose dolphins have a tidal volume of 5-10 L 
and an average respiratory rate of 1-3 breaths per minute. 
Their breathing pattern is characterized by an apneustic pla- 
teau that is usually held for 20-30 seconds after inspiration, 
followed by rapid exhalation and inhalation with flow rates 
through the air passages of between 30 and 70 L/s (Ridgway 
and McCormick 1971). Ventilation timing should approximate 
an apneustic plateau to mimic the normal respiratory pattern 
of cetaceans and allow for sufficient inflation time for oxygen- 
ation of blood (McCormick 1969; Ridgway and McCormick 
1971; Ridgway, McCormick, and Wever 1974). Ventilation 
rate has been set at approximately 3-4 breaths per minute 
(Ridgway and McCormick 1967). Williams et al. (1990) rec- 
ommended a 30 second plateau and ventilating at 80% of 
the tidal volume for bottlenose dolphins. For programmed 
ventilators, inspiratory time should be approximately 0.5-4 
seconds, and expiratory time should be 0.5-15 seconds. Peak 
inspiratory pressure should not exceed 50 cm of water and 
should optimally be around 25-30 cm of water (Bailey, pers. 
comm.). Patient positioning can greatly affect ventilation; 
the most optimal position for adequate ventilation is ster- 
nal recumbency. Should a dolphin be placed in lateral or 
dorsal recumbency, efforts to minimize recumbency on the 
weighted side should be considered in addition to rotating or 
righting an animal sternally to avoid atelectasis and ventilation 
mismatch, and to improve perfusion. We have observed that 
once the anesthetic agent is discontinued, gradual decreases 
in inspiratory pressure or decreases in respiration frequency 
can be made to elevate CO, levels and stimulate spontaneous 
respiration. 

Fluid volume has been maintained by the use of intrave- 
nous lactated Ringer’s solution or normal saline via slow drip 
into an indwelling catheter in the lateral caudal subcutane- 
ous vein, ventral peduncle vein, or fluke vein (Linnehan and 


MacMillan 1991). We have used a fluid rate of 10-25 ml/kg/ 
hour. 


Recovery 


We have observed a wide range of recovery times for dol- 
phins from 30 to 120 minutes, depending on the nature of 
the procedure, anesthetic agents chosen, adequate reversal of 
induction agents, and length of the procedure. Some bottle- 
nose dolphins spontaneously ventilate during recovery prior 
to ET removal, while others show signs of consciousness but 
remain apneic until the ET is removed. At the end of the 
anesthetic procedure, cetaceans should be placed in sternal 
recumbency to allow adequate ventilation. The anesthetic unit 
should be flushed with oxygen or mixed gas to clear remain- 
ing anesthetic gas from the system. Monitor leads should 
remain in place to assess vital signs during recovery. Up and 
down swimming movements have been observed in dolphins 
during induction, and this movement has also been observed 
during recovery as consciousness increases (Ridgway and 
McCormick 1967, 1971). This swimming or fluke stroke move- 
ment may be helpful for improving perfusion during recovery 
and can be assisted by personnel to support recovery. For 
bottlenose dolphins, we have observed anesthetic recoveries 
ranging from 28 to 106 minutes with a mean of 48 minutes for 
seven anesthetic events. Common causes of delayed recovery 
include hypothermia, retained drug metabolism or renarco- 
tization if drugs are not fully reversed, ventilation/perfusion 
mismatch, or ventilatory fatigue caused by atelectasis or 
assisted ventilation. With progressive return of consciousness, 
reflexes, in addition to swimming movements, will progress 
in normal fashion, notably periocular/eyelid tone, blowhole 
movement, laryngeal sensation, anal/genital sensitivity, vocal- 
ization (clicks or whistles), and tongue movement. If reflexes 
do not progress, ensure patient temperature is normal, all 
anesthetic drugs are reversed, and that blood gases and vital 
signs are within normal limits. Make corrections in treatment 
or try other stimulatory measures such as water spray, stimu- 
lating respirations by inserting fingers gently into the mouth 
or blowhole, and auditory stimulus (whistles or bridge; see 
Chapter 38) can also be helpful. A respiratory stimulant, such 
as doxapram, can be used to stimulate respiration but should 
only be used if needed. Once progressing to consciousness, 
recruitment for manual restraint of dolphins is necessary to 
keep them safe on the table. With increased consciousness, 
dolphins will show attempts to use the blowhole to breathe 
and show strong movement of head and body. Extubation 
can be attempted when tongue and laryngeal reflexes dem- 
onstrate spontaneous breathing. Some dolphins will breathe 
spontaneously while intubated; others will not breathe until 
the endotracheal tube is removed. Once the tube is removed, 
careful monitoring for spontaneous respiration is needed. 
Most dolphins will breathe a minimum of one breath/2 min- 
ute interval. If normal breathing does not resume, reintubation 
should be performed and ventilation assisted until the patient 
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is fully conscious. Respirations should resume a normal pat- 
tern for the animal at a frequency of 1-3 breaths/5 minute 
interval. Water splashed on the head may aid sensation and 
trigger spontaneous respiration. Once the patient has been 
extubated safely, is breathing regularly, and is aware of sur- 
roundings (vocal, eyes alert, showing movement), the animal 
can be moved to a shallow pool for observation to ensure 
the animal is orienting, not listing to one side, and breath- 
ing normally. A 24-hour watch is recommended to monitor 
postanesthesia for any relapses or behavioral abnormalities. 


Analgesia 


There are few published pharmacokinetic studies in ceta- 
ceans and extrapolated doses from domestic animal use are 
commonly prescribed (Simeone et al. 2014). Therefore, use of 
new analgesics, nonsteroidal, steroidal, or narcotics should 
be used judiciously and with consultation with experienced 
marine mammal clinicians. Table 26.1 lists several agents 
and recommended doses that have been used in cetaceans. 


Otariids 


Otariids are some of the more commonly anesthetized marine 
mammals, and recent advances in monitoring and support, 
and the use of newer immobilization drugs, have resulted 
in much improved outcomes in these animals (Stringer et al. 
2012; Haulena 2014). 


Sedation 


The use of a variety of IM sedative drugs may facilitate physical 
or mechanical restraint and aid induction with other drugs (sum- 
marized in Table 26.2; Gales 1989). Diazepam (0.1-0.2 mg/ 
kg PO) prior to transport or medical procedures can reduce 
anxiety and facilitate handling. A deeper and more reliable 
plane of sedation is achieved with midazolam in California sea 
lions (Zalophus californianus, 0.15-0.2 mg/kg IM) and fur seals 
(0.25-0.35 mg/kg IM; Lynch, Tahmindjis, and Gardner 1999b). 
Benzodiazepines can be reversed with flumazenil (Karesh et al. 
1997). Butorphanol (0.05—0.2 mg/kg IM) has been used for mild 
sedation and analgesia. Combination of midazolam and butor- 
phanol results in an increased level of sedation. Medetomidine 
(70 pg/kg IM) is recommended for sedation of sea lions for elec- 
troencephalography, because of its apparent lack of interference 
with brain wave patterns, as compared to a combination of 
medetomidine and butorphanol (0.1-0.2 mg/kg IM; Dennison 
et al. 2008). Although sedation was variable, placement of mul- 
tiple percutaneous EEG leads for recordings was accomplished 
for greater than 30 minutes. Alfaxolone at 2-3 mg/kg has been 
used to sedate Peruvian fur seals (Arctocephalus australis) and 
South American sea lions (Ofaria byroni) prior to inhalation 
anesthesia (Adkesson et al. 2013; Table 26.2). 


Induction 


Intravenous sites for injection are poorly accessible in otari- 
ids. Most anesthetic drugs evaluated for use have, there- 
fore, been limited to those that can be administered by IM 
injection (Bester 1988; Loughlin and Spraker 1989; Heard 
and Beusse 1993; Heath et al. 1996; Melin et al. 2013) and 
inhalation (Work et al. 1993; Heath et al. 1997; Yamaya et al. 
2006). Sites chosen for IM injection have the largest available 
muscle mass with the least amount of overlying blubber, and 
can be accessed by a dart or by hand injection such as the 
muscle overlying the hips and tibia (Loughlin and Spraker 
1989; Heard and Beusse 1993; Sepulveda, Ochoa-Acufia, 
and McLaughlin 1994; Haulena et al. 2000), lumbar muscle 
(Bester 1988; Loughlin and Spraker 1989), and muscle over 
the shoulder (Loughlin and Spraker 1989). Darting has been 
used in field (Loughlin and Spraker 1989; Heath et al. 1996; 
Frankfurter et al. 2016) and captive (Haulena et al. 2000) situ- 
ations. Due to poor penetration of muscle because of thick 
blubber layers (Geraci 1973) or inaccurate darting, results are 
more variable when darting is employed to deliver anesthetic 
agents (Haulena et al. 2000). In some cases, anesthetists have 
chosen to abandon an attempt at immobilization if adequate 
sedation had not been accomplished after the first injection 
(Heath et al. 1996). Mortalities have occurred with additional 
doses of zolazepam-tiletamine (ZT; Loughlin and Spraker 
1989; Haulena, unpubl. data) and xylazine-ketamine (Bester 
1988) given to animals that have not been induced adequately, 
or to prolong immobilization. However, additional ketamine 
after initial injection of medetomidine—ketamine in a small 
number of California sea lions did not result in any mortalities 
(Haulena et al. 2000), and additional ketamine has been used 
after initial ZT in South American fur seals (Arctocephalus 
australis, Karesh et al. 1997). 

Some studies report using IV induction in animals that 
have been physically restrained with the aid of restraint 
boards. For example, Sepulveda et al. 1994) injected ket- 
amine and diazepam into the cephalic vein and also into 
the epidural vein at the level of the front flippers in Juan 
Fernandez fur seals (Arctocephalus philippii). However, cau- 
tion should be used when attempting injections into the epi- 
dural vein of otariids to prevent damage to the spinal cord. 
Interdigital veins may be catheterized and used to inject 
chemical agents in some otariids such as fur seals and Steller 
sea lions (Eumetopias jubatus), but may be difficult to access 
in animals such as California sea lions (see Chapter 37). 

Induction by inhalation is efficient due to a high rate of 
gaseous exchange in otariids and limited breath holding, and 
is possible in situations that allow for restraint of the patient, 
adequate equipment, space for equipment, and personnel 
that are experienced with the procedure. Restraint may not 
be possible in many field situations or when dealing with 
large animals (Work et al. 1993). Induction by inhalation has 
been accomplished by placing either commercially available 
masks (Haulena et al. 2000) or customized masks made from 
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such items as soft polyurethane traffic cones over the muzzle 
of the animal, thereby creating a seal that allows the animal 
to breathe the anesthetic agent (Work et al. 1993; Heath et al. 
1996, 1997). In some facilities, animals can be adequately 
trained to voluntarily accept a mask for anesthesia, which 
can greatly enhance safety and reduce stress associated with 
restraint. Induction by inhalation has also been used in con- 
junction with injectable agents if adequate sedation was not 
achieved with the injectable agent alone (Heard and Beusse 
1993; Heath et al. 1996; Haulena et al. 2000). 


Intubation 


Intubation of anesthetized animals is strongly recommended 
to maintain an airway to ensure adequate oxygenation, espe- 
cially in an emergency situation, and to prevent aspiration 
secondary to regurgitation or vomition (Work et al. 1993). 
Many of the mechanical restraint devices used on marine 
mammals may cause undesirable pressure to the thorax 
that decreases ventilation or partially obstructs the airway. 
Therefore, the anesthetist must be aware of potential compli- 
cations from the use of these mechanisms and the increased 
need for intubation to maintain adequate gas exchange. 
Training and experience are necessary to quickly and easily 
accomplish intubation. Gentle technique minimizes trauma to 
the larynx and associated tissues. Mouths can be kept open 
with woven nylon straps approximately 2 cm wide and of 
sufficient length to prevent placing hands between the jaws. 
Laryngoscopes facilitate passing tubes in smaller individuals 
(15-150 kg); 110-260 mm (especially 140-150 mm Macintosh 
style) laryngoscope blades have been used successfully in 
California sea lions (Work et al. 1993; Heard and Beusse 1993; 
Heath et al. 1996). Large individuals over 200 kg can be intu- 
bated by the manual technique of passing one’s forearm into 
the oral cavity, palming the endotracheal tube, and placing it 
gently into the trachea after palpating the glottis (Heath et al. 
1996). This necessitates fairly deep anesthesia during induc- 
tion and speed. With experience and training, intubation may 
also be accomplished by blind techniques while listening for 
inhalation by the patient. Positioning, listening, timing, and 
gentle redirection are all extremely important. 

Care should be taken to guard against tracheal compres- 
sion by netting, restraint devices, or table edges. The tracheal 
rings of otariids are incomplete, and the trachea is easily 
collapsed, thereby preventing successful intubation (Lynch, 
Tahmindjis, and Gardner 1999b). Endotracheal tube diameter 
can be expected to be of the same general size as a terrestrial 
mammalian carnivore of the same size. Cuffed endotracheal 
tubes are recommended to prevent aspiration; using exces- 
sively large tubes may cause laryngeal trauma. Positioning 
of the animal is extremely important. A straight neck with 
a slight opisthotonic position and extension of the head of 
the patient is recommended. Length of the tube is extremely 
important due to early, prethoracic bifurcation of the trachea 
into primary bronchi in otariids (McGrath et al. 1981. Care 


must be taken to prevent unilateral lung intubation and the 
associated potential for ventilation/perfusion mismatch. After 
intubation, the cuff can be inflated and pulled back slightly 
to ensure an adequate seal. Tubes should be secured using 
rolled gauze or tape by tying a knot around the tube and then 
around the maxilla of the animal, caudal to the canine teeth. 


Inhalation Anesthesia 


Inhalation anesthetics appear to be the safest method for 
anesthetizing otariids because of the ability to titrate the 
level of drug to effect, and the efficient gaseous exchange 
in these species. The main limitation is the availability and 
portability of equipment to safely and reliably deliver the 
anesthetic in the field, and creative methods to deliver gas 
have been reported (e.g., use of an induction chamber for 
delivery of inhalant anesthesia to sea lions by Yamaya et al. 
2006). In addition, delivery of a gas for a sufficient period 
of time to induce anesthesia may be difficult in a fractious, 
unrestrained animal. The development of safe, portable gas 
anesthesia machines for fieldwork has greatly increased the 
use of gas anesthesia in free-living species. A comprehensive 
animal training program, adequate physical or mechanical 
restraint, or the use of chemical sedative and immobilizing 
agents (Heard and Beusse 1993; Heath et al. 1996; Haulena 
et al. 2000; Haulena and Gulland 2001) facilitates the use of 
inhalation anesthesia. Inhalation agents including isoflurane 
(Heard and Beusse 1993; Heath et al. 1996, 1997; Gales and 
Mattlin 1998; Haulena et al. 2000), sevoflurane, desflurane, 
and halothane (Work et al. 1993; Tang, unpubl. data) have 
all been used, with the best recovery characteristics being 
obtained from isoflurane and sevoflurane. The use of inhal- 
ant anesthetic agents alone appears to be a reliable and safe 
method of anesthesia in otariids if it is possible to accomplish 
restraint and masking (Table 26.2). 


Field Immobilization 


Immobilization of animals in the field presents significant 
challenges. However, portable gas anesthesia machines, 
battery-operated monitoring equipment, and emergency 
equipment are all available (Gales and Mattlin 1998). Darting 
techniques and risks for field immobilization of otariids have 
recently been reviewed by Baylis et al. (2014). If injectable 
chemical immobilization is required prior to adequate physi- 
cal or mechanical restraint, it is essential that animals selected 
for capture are as far as possible from water or other hazards. 
It is also important to choose animals that are relatively calm 
and have the least risk of escaping into the water or to inac- 
cessible areas (Heath et al. 1996). This will help minimize the 
risk of drowning or falling from large heights. 

Young animals on suitable haul-out sites can be herded 
into temporary pens, where individual animals can then be 
isolated for further handling (Merrick et al. 1995). For proce- 
dures requiring immobilization, the use of portable anesthetic 
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machines for delivery of inhalant anesthesia is preferred 
(Heath et al. 1997). Large adult animals have been trapped on 
artificial haul-outs and then funneled through chutes and into 
squeeze cages to facilitate sample collection and handling 
(Melin et al. 2013). These animals can then be masked with 
inhalant anesthetics for more invasive sampling procedures. A 
method of capturing free-ranging Steller sea lions in the water 
was developed using a team of divers, baited nooses attached 
to floats, and a surface capture team in boats (Raum-Suryan 
et al. 2004). This dive capture method requires a tremendous 
amount of training and planning and should only be carried 
out by highly experienced staff. 

In free-living animals, drug delivery by dart poses some 
risk to animals that may escape to the water or to an inac- 
cessible area as the anesthetic drug begins to take effect 
prior to complete immobilization (Heath et al. 1996; Geschke 
and Chilvers 2009; McKenzie et al. 2013; Melin et al. 2013; 
Baylis et al. 2014; Haulena 2014; Frankfurter et al. 2016). The 
remotely delivered use of zolazepam-tiletamine (ZT) has been 
associated with a high degree of risk in some species such as 
Steller sea lions (Heath et al. 1996), while other studies report 
much lower risk in New Zealand fur seals (Arctophoca aus- 
tralis forsteri) and sea lions (Phocarctos hookeri; Geschke and 
Chilvers 2009; McKenzie et al. 2013). 

More recently, the reversible combination of medeto- 
midine, midazolam, and butorphanol (Melin et al. 2013; 
Spelman 2004) has been evaluated for remotely delivered 
use in adult Steller and California sea lions (Frankfurter et al. 
2016; Haulena 2014). Medetomidine (0.04-0.06 mg/kg), mid- 
azolam (0.20—0.22 mg/kg), and butorphanol (0.13-0.15 mg/ 
kg) reliably and safely immobilized animals for sampling 
and attachment of telemetry instruments. The sea lions were 
maintained with isoflurane and reversed with atipamezole 
(0.25 mg/kg IM) and naltrexone (0.15 mg/kg IM). Advantages 
included a smooth induction and full recovery prior to enter- 
ing the water after the procedure. Animals that enter the 
water after darting with this combination may reach a very 
deep plane of sedation while maintaining the ability to float 
at the surface and continue to breathe. These individuals can 
be approached by boat and, in the case of disentanglement 
efforts, successfully handled, disentangled, and reversed. 
Technological advances, including the use of acoustic 
transmitter-equipped darts, may improve location of animals 
after darting in some situations where animals may be diffi- 
cult to locate (Frankfurter et al. 2016). It is apparent that care- 
ful selection of individuals is very important for successful 
darting. Animals should be very calm and preferably sleep- 
ing. Sea lions darted in an undisturbed group appear to be 
less likely to move and enter the water after they are darted. 
Animals that spot darting team members after being darted 
are more likely to move and enter the water. Animals react 
more to brightly colored dart stabilizers and darkening the 
stabilizers with a black permanent marker is recommended. 
In our experience, animals also react more to darts that 
remain embedded, and nonbarbed and noncollared needles 


should be used that allow the dart to fall out as soon as pos- 
sible after delivery. 


Monitoring 


Otariids typically display an apneustic breathing pattern while 
awake, with an exhalation first, then a pause and hold on 
inspiration. This reverses to a more typical terrestrial mam- 
malian pattern once intubated, with an inspiration, exhala- 
tion, and then a pause in exhalation (Heath et al. 1996, 1997). 
Heart rate has been monitored via chest auscultation using a 
stethoscope, by direct observation of thoracic wall movement, 
or by palpation of the intercostal space over the region of the 
heart. Intrathoracic cardiac sounds are often dull compared to 
those of terrestrial mammals (Lynch, Tahmindjis, and Gardner 
1999b), most likely due to thick blubber layers. Perfusion of 
the peripheral vasculature can be assessed by noting mucous 
membrane color and capillary refill time (Work et al. 1993; 
Heath et al. 1997). Depth of anesthesia has been ascertained 
by responses to various stimuli, including noise, deep pain 
(interdigital web pinch, ear pinch, surgical stimulation), pres- 
ence of reflexes, including palpebral and pupillary, respira- 
tory character, and the degree of jaw tone (Work et al. 1993; 
Heath et al. 1996, 1997). 

Noninvasive monitoring in otariids has included the use 
of pulse oximeters with clip probes attached to the distal 1/3 
of the tongue (Heard and Beusse 1993; Heath et al. 1996, 
1997; Haulena et al. 2000) and nasal septum. Reflectance 
probes have been placed rectally; however, fecal matter 
tends to interfere with adequate readings. Alternative sites 
have included buccal (Heath et al. 1996), vaginal, or esopha- 
geal mucosa. Pulse oximetry probes must be shielded from 
direct sunlight because they are dependent upon infrared 
light for accuracy. Flexible temperature probes have been 
used in the rectum (Bester 1988; Loughlin and Spraker 1989; 
Ferreira and Bester 1999) or esophagus at the level of the 
heart (Heath et al. 1997) to record core body temperature. 
Capnometers have been attached to the endotracheal tube or 
“Y” piece via a filter line as is used in humans and domes- 
tic species (Heard et al. 1993; Haulena and Gulland 2001) 
to monitor end-tidal carbon dioxide (EtCO,) and respiratory 
rate. Doppler flow probes have been used to detect arterial 
flow between the digits of the front flipper and cardiac flow 
(Heard and Beusse 1993). 

Electrocardiogram (ECG) sensors have been attached in 
appropriate locations via adhesive pads; shaving is required 
and then alligator clips are attached to a skin fold directly, or 
by use of a 20 gauge needle placed through a skin fold and 
then grasped with alligator clips. Heard and Beusse (1993) 
placed left and right forelimb leads on the left and right front 
flippers and the left hind limb lead onto the prepuce of male 
California sea lions. Small amounts of alcohol placed at the 
points of contact between the clips and skin have improved 
conductance. Recently, esophageal ECG probes (Vet/Sensor 
ECG Plus®, Heska Corporation, Fort Collins, CO) have been 
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used successfully in California sea lions to monitor heart rate 
and developing arrhythmias. Advantages include increased 
ease of application, decreased artifact due to movement dur- 
ing the procedure, and fewer cables leading from the patient 
that may interfere with a sterile field during surgery. However, 
the probes are very dependent upon their position in the 
esophagus relative to the heart for accurate production of ECG 
complexes and only report from three leads. Therefore, the 
probes do not allow for easy interpretation of complexes and 
for in-depth investigation of cardiac electrical abnormalities. 

Indirect, oscillometric measurement of the blood pres- 
sure has been accomplished in sea lions by placing an appro- 
priately sized cuff over the radial artery at the most proximal 
portion of the front flipper and also by placing a cuff around 
the tail. The median artery has been used to measure direct 
blood pressure and for arterial blood gas collection. Venous 
blood gas samples are collected from the caudal gluteal, inter- 
digital, or the common jugular veins. 


Support 


Monitoring core temperature is important, especially in free- 
ranging situations. Hyperthermia may be more important in 
larger animals (Work et al. 1993). Increasing temperature was 
suspected in contributing to death associated with sedation 
of Antarctic fur seals (Arctocephalus gazella; Bester 1988). 
Stress of capture may exacerbate overheating, so animals 
should be allowed to stabilize after capture prior to attempt- 
ing anesthesia. Certain agents, such as ketamine, may cause 
hyperthermia. IV injection of ketamine and diazepam in fur 
seals resulted in higher internal temperatures than when 
these drugs were given IM (Sepulveda, Ochoa-Acuna, and 
McLaughlin 1994). Hyperthermia was also noted in South 
American fur seals after administration of ketamine-xylazine 
and with combinations containing carfentanil (David et al. 
1988). Profound hyperthermia was seen in a late-term preg- 
nant California sea lion that was anesthetized using medeto- 
midine and ketamine. Hypothermia has been noted in adult 
Steller sea lions anesthetized in Alaska (Loughlin and Spraker 
1989), and in young California sea lions in California anes- 
thetized with halothane (Work et al. 1993). Tents to protect 
from sunlight, along with cold water applied to extremities 
(Work et al. 1993; Sepulveda, Ochoa-Acufia, and McLaughlin 
1994; Heath et al. 1997), help prevent hyperthermia. Wraps, 
insulating pads, and hot water bottles can warm exposed 
flippers and aid in decreasing the potential for hypothermia. 
Timing of procedures to coincide with the least extreme tem- 
peratures of the day will help decrease temperature irreg- 
ularities (Sepilveda, Ochoa-Acufia, and McLaughlin 1994; 
Heath et al. 1997). 

Atropine (0.02 mg/kg IM) has been previously recom- 
mended 10 minutes prior to immobilization to prevent bra- 
dycardia associated with the dive response in anesthetized 
otariids (Gage 1993; Heath et al. 1996). Atropine has also been 
administered after injection of sedatives to control airway 


and oral secretion and prevent bradycardia (Spelman 2004). 
Alpha2-agonists such as medetomidine will cause bradycar- 
dia; however, use of atropine with medetomidine is contrain- 
dicated in terrestrial mammals (Cullen 1996). Atropine is no 
longer commonly used as a premedication in otariids, espe- 
cially those anesthetized with alpha2-agonists, with some 
studies indicating that the use of atropine is associated with 
increased mortality (Stringer et al. 2012). Glycopyrrolate has 
been suggested as an alternative due to its longer activity in 
terrestrial species, but its use has not been reported in marine 
mammals. 

Intravenous catheters can be placed in anesthetized otari- 
ids into the jugular, subclavian, ulnar, lingual, interdigital, and 
cephalic vessels. Access to peripheral vessels may be affected 
by vasoconstriction secondary to certain anesthetic agents, 
such as alpha2-agonists. Free-ranging adult California sea 
lions were catheterized in the caudal gluteal vein or artery 
using an ultrasound-guided technique (Ponganis et al. 2017). 

Low SpO, values (<85%) have been reported from sea 
lions immobilized with ZT (Heath et al. 1996) and with 
medetomidine—ketamine (MK; Haulena et al. 2000) especially 
in those animals that were not intubated and supported with 
oxygen. Conversely, sea lion pups given isoflurane with oxy- 
gen maintained higher SpO, values (Heath et al. 1997). This 
may be due to the agents that were used, depth of anesthesia, 
or to the physiology of the animals but, nevertheless, suggests 
that the anesthetist should be prepared to intubate, provide 
oxygen therapy, or supplemental ventilation. 

High EtCO, levels (©70 mmHg) associated with acide- 
mia (pH < 7.15) in anesthetized California sea lions support 
the need for assisted mechanical ventilation in some animals 
(Heard and Beusse 1993; Haulena and Gulland 2001). Some 
drugs are more commonly associated with hypoventilation 
and hypercapnia. Animals anesthetized for prolonged peri- 
ods, maintained at deep anesthetic planes, and positioned 
in a manner that interferes with normal thoracic expansion 
are particularly prone to developing hypercapnia. Conversely, 
hyperventilation of California sea lions has resulted in alka- 
lemia (pH > 7.5). In anesthetized otariids, mechanical ventila- 
tion is recommended at a starting tidal volume of 15 ml/kg 
and a rate of 8-10 breaths/minute with a maximum inspira- 
tory pressure of less than 30 cm H,O (Haulena and Gulland 
2001). Capnometry is essential with mechanically assisted 
ventilation to adjust tidal volume and rate to maintain nor- 
mocapnia. Blood gas monitoring is recommended to prevent 
alkalosis. In our experience, expired anesthetic gas measure- 
ment is a useful method of monitoring depth of anesthesia. 
To prevent corneal irritation during procedures, eyes of anes- 
thetized otariids are often lubricated with an ophthalmic oint- 
ment (Work et al. 1993). 


Emergencies 


Doxapram has been used in otariids to stimulate respira- 
tion during prolonged apnea and has been administered 
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successfully by either the IV route or by injection into the 
tongue (Work et al. 1993; Heath et al. 1996). Dosages usu- 
ally approximate those used in terrestrial carnivores of the 
same size (5 mg/kg). If not already intubated, animals with 
prolonged apnea should be intubated and ventilatory support 
provided. Epinephrine has also been administered to animals 
with severe bradycardia or with cardiac arrest (Work et al. 
1993; Heath et al. 1996). The usual route of administration 
is IV or intratracheally (IT) at a dosage of 0.05 to 0.5 mg/kg. 
Intracardiac injection has been performed in anesthetic emer- 
gencies, but successful resumption of a normal ECG is rare. 

Rapidly dilating pupils is a very alarming sign in anes- 
thetized otariids and is indicative of a hypoxic episode. Pupil 
dilation should be addressed quickly by reduction of inhalant 
anesthetic levels, reversal of anesthetic agents, if possible, and 
ventilatory support. 

Some anesthetic agents may be more advantageous than 
others due to their reversibility. The alpha, agonists such as 
xylazine, detomidine, and medetomidine have been used 
successfully to anesthetize otariids (Table 26.2) and are 
reversed by the antagonists yohimbine and, more specifically, 
atipamezole. Benzodiazepine sedatives such as diazepam, 
midazolam, and zolazepam can be reversed by flumazenil 
(Karesh et al. 1997). If these anesthetic agents are used, the 
reversal agents should be kept on hand in the event of an 
anesthetic emergency. We (and others) have performed CPR 
on otariids during anesthetic emergencies (Work et al. 1993; 
Heath et al. 1996); CPR has only been minimally successful. 
Compression of the thorax seemed to result in movement 
of both air and blood with reperfusion of oral membranes. 
However, the underlying problem often cannot be reversed. 
Planning and prevention helps in all emergencies. 


Phocids 


In general, diving adaptations are more developed in phocids 
than otariids, resulting in increased diving performance and, 
potentially, more anesthetic complications for the veterinar- 
ian (Lynch, Tahmindjis, and Gardner 1999b). Because many 
of the aspects of otariid anesthesia also apply to phocids, this 
section will focus mainly on differences between these two 
pinnipeds. 


Sedation 


A number of sedative agents can be used in order to facili- 
tate physical restraint (Gales 1989; Lynch, Tahmindjis, and 
Gardner 1999b). Benzodiazepines are commonly used, 
such as diazepam at 0.32 mg/kg IV in harbor seals (Phoca 
vitulina; Lapierre et al. 2007), and 0.12-0.2 mg/kg IV in 
Hawaiian monk seals (Wonachus schauinslandi, Braun, 
Ryon, and Antonelis, pers. comm.). Midazolam has been 
administered at 0.25-0.35 mg/kg IM in crabeater seals 
(Lobodon carcinophagus, Lynch, Tahmindjis, and Gardner 


1999b), 0.2 mg/kg in harp seals (Phoca groenlandica; Pang 
et al. 2006a), and 0.15-0.3 mg/kg IM in Hawaiian monk 
seals (Ryon, Braun, and Dalton 1999). Butorphanol has been 
used at 0.05-0.1 mg/kg IM in harbor seals as an aid during 
restraint (Haulena and Gulland, unpubl. data) and also at 
0.4 mg/kg alone or in combination with diazepam (0.2 mg/ 
kg) prior to endoscopic examination and muscle biopsies 
(Tuomi, Gray, and Christen 2000). Table 26.3 summarizes 
recent phocid immobilization studies. 


Induction 


Sites for IM injection of anesthetic agents include muscle 
overlying the hips and the posterior lumbar muscles (Baker, 
Anderson, and Fedak 1988; Baker et al. 1990; Phelan and 
Green 1992; Woods et al. 1994a). Darting has been used in 
field studies (Baker, Anderson, and Fedak 1988; McCann, 
Fedak, and Harwood 1989; Baker et al. 1990). As with otari- 
ids, injection into blubber layers may result in variable induc- 
tion, plane of anesthesia, and recovery (Baker and Gatesman 
1985; Gales 1989). As phocids have readily accessible veins 
(the intravertebral epidural sinus), [V induction can be used if 
the animal can be adequately restrained, such as with young 
harbor seal pups (Gulland et al. 1999). 

Baker et al. (990) and Woods et al. 1994b) suggest that 
IM ZT is a superior anesthetic combination in terms of rapid 
induction, animal safety, rapid recovery, and injection volume 
in comparison to ketamine-xylazine and ketamine-diazepam 
when used in gray seals (Halichoerus grypus) and southern 
elephant seals Wlirounga leonina). However, Mitchell and 
Burton (1991) had much more variable results, including sev- 
eral mortalities, when ZT was used in southern elephant seals 
and leopard seals (Hydrurga leptonyx). The higher dosages 
used in the latter study may indicate that ZT has a narrow 
margin of safety in some phocids. When insufficient levels 
of sedation have been achieved, some studies report giving 
additional doses of the agents. Additional ketamine and diaze- 
pam have been given after initial ketamine—diazepam (Baker, 
Anderson, and Fedak 1988). Additional ketamine has been 
given after initial ketamine—diazepam (Baker, Anderson, and 
Fedak 1988), after ketamine-xylazine (Mitchell and Burton 
1991), and after ZT (Carlini et al. 2009). After initial IM injec- 
tion of ZT, additional ZT IV or IM has been given (Baker 
et al. 1990; Mitchell and Burton 1991; Lawson et al. 1996). 
Midazolam—ketamine combinations have been repeated at a 
lower dosage IV after initial IM dosing to maintain immobi- 
lization in Weddell seals (Leptonychotes weddellii; Mellish et 
al. 2010). Supplementary doses of midazolam and/or pethi- 
dine IM or IV have been administered after initial pethidine— 
midazolam IM (Woods et al. 1994a; Lynch et al. 1999a). In 
addition, incremental ketamine IV has been given after ini- 
tial pethidine—midazolam IM (Woods et al. 1994a). Mortalities 
have been associated with the administration of additional ZT 
(Mitchell and Burton 1991) and pethidine-midazolam (Lynch 
et al. 1999a). 
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The use of strong narcotic agents such as etorphine or 
carfentanil may cause prolonged apnea resulting in mortali- 
ties, and these agents should be used with caution (Baker and 
Gatesman 1985; Gales 1989). 

In contrast to otariids, phocids have a readily accessible 
intravertebral, epidural vein that can be accessed in the cau- 
dal lumbar region with minimal potential for damaging the 
spinal cord (see Chapter 37; Woods, Hindell, and Slip 1989; 
Phelan and Green 1992; Woods et al. 1994a; Slip and Woods 
1996; Hurford et al. 1996; Gulland et al. 1999; Huuskonen, 
Hughes, and Bennett 2011. An alternative site is the metatar- 
sal vascular plexus. However, due to the close approximation 
of veins and arteries, agents may be mistakenly introduced 
into an artery. Comparing IM and IV ketamine—diazepam, 
Slip and Woods (1996) found that the IV route resulted in 
faster induction, decreased length of immobilization, and 
more predictable plane of anesthesia, and required less 
ketamine. McMahon et al. (2000) and Wheatley et al. (2006) 
also found that IV ZT resulted in more reliable anesthesia 
with fewer complications than the IM route in elephant and 
Weddell seals, respectively. Intravenous propofol is a useful 
method of induction and brief anesthesia for short procedures 
in harbor seals (Gulland et al. 1999). 

Induction by mask inhalation has been accomplished in 
young animals, such as harbor seal pups and northern ele- 
phant seal (Wirounga angustirostris) pups. However, older 
phocids are more difficult to induce than otariids due to 
their propensity to breath hold, which prolongs the neces- 
sary restraint time, and thus usually require some injectable 
method of induction (Gales 1989). Sedation with a benzodi- 
azepine alone or in combination with butorphanol can facili- 
tate masking (Gales et al. 2005). Currently, the recommended 
general anesthetic protocol in harbor seals includes IV injec- 
tion of 0.15 mg/kg midazolam with 0.15 mg/kg butorphanol 
followed by masking with isoflurane or sevoflurane. 


Intubation 


Many of the indications and methods for intubating immo- 
bilized phocids are similar to those for otariids. Important 
differences include a longer trachea prior to bifurcation in 
phocids, allowing for placement of a longer and more secure 
ET; and a large amount of peripharyngeal tissue and a flac- 
cid soft palate that tend to obscure the glottis and occlude 
the airway in immobilized seals (Lynch, Tahmindjis, and 
Gardner 1999b). Manual insertion of the ET tube in smaller 
animals, such as recently weaned northern elephant seals, is 
difficult for most personnel unless they possess small hands. 
Laryngoscopes of regular blade width do not displace a suffi- 
cient amount of the tissue to allow visualization of the glottis. 
Animals in sternal recumbency may be easier to intubate with 
the head raised slightly and extended carefully forward. We 
have also intubated juvenile elephant seals by using a lapa- 
roscope as a stylet inside the ET during placement. Several 
studies have immobilized phocids to conduct stomach lavage 


to investigate forage items, and mortalities in some of these 
studies have been associated with aspiration of stomach con- 
tents (Mitchell and Burton 1991); thus, endotracheal intuba- 
tion is especially recommended in these cases. 


Inhalation Anesthesia 


Though sedation and some degree of immobilization have 
been successfully accomplished using the IM and IV routes 
(Table 26.3), most of those studies did not require a surgi- 
cal plane of anesthesia. For longer procedures, or for those 
requiring a surgical plane of anesthesia, animals usually 
require additional anesthesia that may be most safely pro- 
vided by inhalation route. Inhalation anesthetics used in 
phocids include ethrane (Moesker 1989), halothane (Hurford 
et al. 1996), isoflurane (Gulland et al. 1999; Gales et al. 2005; 
Pang et al. 2006a), and sevoflurane (Huuskonen, Hughes, and 
Bennett 2011; Kusagaya and Sato 2001). 


Field Immobilization 


Immobilization of free-ranging phocids can be challenging 
and may be limited by access to monitoring devices or equip- 
ment such as precision vaporizers and oxygen, especially 
in very remote field conditions (Lynch and Bodley 2014). 
Kusagaya and Sato (200D successfully gave liquid sevoflu- 
rane directly to Weddell seals into a modified sealed head 
bag without the use of a vaporizer in Antarctic conditions. 
Portable anesthetic gas delivery systems have been used in 
the field (Bodley et al. 2005; Gales et al. 2005), while studies 
reported having relied on injectable protocols (Wheatley et al. 
2006; Carlini et al. 2009). 

Delivery of immobilization drugs via darting has been 
accomplished in some phocid species. Leopard and crabeater 
seals have been darted with midazolam—pethidine and ZT com- 
binations (Lynch et al. 1999a; Higgins et al. 2002; Tahmindjis 
et al. 2003). Successful capture and immobilization was 
achieved in leopard seals darted with midazolam and butor- 
phanol (Pussini and Goebel 2015). Gray seals have been 
successfully disentangled using 0.32 mg/kg midazolam and 
0.021 mg/kg medetomidine delivered by dart Johnson pers. 
comm.) equipped with an acoustic transmitter to locate the 
darted seal (Frankfurter et al. 2016). Ice seals, such as bearded 
(Erignathus barbatus), ribbon (Histriophoca fasciata), and 
hooded (Cystophora cristata) seals, have been sedated with 
diazepam and midazolam, both IM and IV, at 0.09-0.2 mg/kg 
(Johnson, pers. comm.). 


Monitoring 


Respiratory rate has been monitored by observing thoracic 
movements (Mitchell and Burton 1991; Woods et al. 1994b). 
Heart rate has been monitored by recording observable car- 
diac movements through the body wall and by direct stetho- 
scopic auscultation (Gulland et al. 1999). Depth of anesthesia 
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has been assessed in much the same way as for otariids 
(Mitchell and Burton 1991; Woods et al. 1994b, 1996a; Slip 
and Woods 1996). 

Pulse oximetry has been used by placing clip probes 
on the tongue and reflectance probes rectally (Gulland et al. 
1999). Alternative sites have included nasal septum, vaginal 
mucosa, and buccal mucosa (Pang et al. 2006a). Temperature 
in phocids has been monitored rectally (Mitchell and Burton 
1991; Phelan and Green 1992; Woods et al. 1994b) and esoph- 
ageally. Capnometers and blood pressure monitors have been 
used in a variety of species, as has already been described for 
otariids (Huuskonen, Hughes, and Bennett 2011), and EtCO, 
has been shown to be a reasonable estimation of PaCO, in 
harp seals (Pang et al. 2006b). Venous blood gases have 
been measured from the epidural vein (Woods et al. 1994a,b, 
1996a). Arteries, including the median artery, have been can- 
nulated in the front flipper for arterial blood gas monitoring 
(Hurford et al. 1996; Pang et al. 2006b). 


Support 


Bradycardia has been noted in phocids undergoing sedation 
and general anesthesia (Lapierre et al. 2007). Bradycardia 
(<50 bpm) was noted in elephant seals following ketamine— 
xylazine, as well as medetomidine-ketamine, and in leopard 
seals given ZT and ketamine—xylazine (Mitchell and Burton 
1991; Woods et al. 1996a). Atropine has been recommended 
in the past to prevent bradycardia associated with the dive 
response, excessive salivation, and excessive upper respira- 
tory tract secretion in anesthetized seals (Gales 1989; Woods, 
Hindell, and Slip 1989; Mitchell and Burton 1991; Phelan and 
Green 1992; Woods et al. 1994b, 1996b; Lynch, Tahmindjis, 
and Gardner 1999b). Though many studies report administer- 
ing atropine in the same syringe as the immobilizing agents 
under field conditions, others recommend premedication with 
0.02 mg/kg atropine IM approximately 10 minutes prior to the 
administration of the anesthetic agent (Gulland et al. 1999). 
Most current general anesthetic protocols do not include rou- 
tine atropine administration, and some researchers do not 
recommend the administration of atropine to phocids prior 
to anesthesia (Woods, pers. comm.). Terbutaline has been 
reported to prevent bronchial spasm, while not increasing the 
heart rate in a single harbor seal (Moesker 1989). 

Individual animals require different amounts of support 
as dictated by monitoring. Preanesthetic condition can have 
significant effects on duration, depth, and recovery from anes- 
thesia (Woods, Hindell, and Slip 1989). This may be especially 
important in phocids that have a large seasonal change in 
body fat composition with breeding, pupping, and molting 
cycles. Unlike otariids, the epidural vein can be readily cath- 
eterized to provide fluids or other agents during anesthesia to 
maintain hydration and adequate circulation (Hurford et al. 
1996). 

Hypothermia was associated with ZT administration in a 
Weddell seal and was corrected by covering the animal with 


windproof material (Phelan and Green 1992). It is also com- 
monly encountered when using isoflurane alone in recently 
weaned harbor seal pups and may prolong recovery from anes- 
thesia (Haulena unpubl. data). Hyperthermia has been reported 
during the use of ketamine-xylazine (Woods et al. 1994b) and 
medetomidine-ketamine (Woods et al. 1996a) in southern ele- 
phant seals. Muscular tremors are often observed in phocids 
given cyclohexamine drug combinations (Table 26.3). 

Apnea and hypoventilation are very common in anes- 
thetized phocids (Table 26.3). Some studies report a tran- 
sient period of apnea occurring shortly after administration 
of an anesthetic agent (Woods et al. 1994b; Gulland et al. 
1999; Gales et al. 2005). Slip and Woods (1996) calculated 
the theoretical aerobic dive limit according to the formula by 
Kooyman (1989) for southern elephant seals that were anes- 
thetized and found that, in most cases, duration of apnea 
did not exceed the aerobic dive limit. However, other studies 
have reported mortalities associated with prolonged apnea 
(Table 26.3), and Woods et al. 996b) suggested that apnea 
approaching the aerobic dive limit be treated with emergency 
procedures (see below). 

Inherent ventilation effort seems to be less in phocids 
compared to otariids during inhalation anesthesia, and the 
need for ventilatory assistance for phocids must be planned 
in advance. Mechanical ventilators may be necessary, espe- 
cially if longer periods of anesthesia are needed. Simple peri- 
odic manual assistance is usually not enough to overcome the 
hypoventilation. During anesthetic management of all marine 
mammals, it is important to monitor respiratory effort of the 
patient. Phelan and Green (1992) noted that respiratory effort 
was greater in Weddell seals in sternal recumbency compared 
to those placed in lateral recumbency, and it was easier to 
artificially ventilate an animal in lateral rather than sternal 
recumbency. Phelan and Green (1992) attributed mortality 
to respiratory obstruction predisposed by upper respiratory 
anatomy and the potential for tracheal collapse. Respiratory 
obstruction has also been noted during the use of ketamine— 
diazepam in elephant seals (Woods et al. 1994b). It is highly 
recommended that assisted ventilation (manual or mechani- 
cal) should be part of any general anesthetic plan in pho- 
cid seals. Suggested levels include delivering approximately 
15-20 ml/kg per breath at a rate of 6-8 breaths/minute at a 
maximum inspiratory pressure of approximately 25 cmH,0O. 
Diligent monitoring of EtCO, and assessment of oxygenation 
are strongly recommended. 


Emergencies 


In general, anesthetic emergencies in phocids are handled in 
much the same way as those in otariids. Clinical signs noted 
in animals that have died as a result of immobilization have 
included tachycardia, bradycardia, cyanosis, hypoventilation, 
decreased peripheral perfusion, and hyperthermia (Woods, 
Hindell, and Slip 1989; Mitchell and Burton 1991; Phelan and 
Green 1992). 
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Intravascular doxapram has been shown to help in cases 
of apnea (Baker, Anderson, and Fedak 1988; Phelan and 
Green 1992; Mellish et al. 2010). It also acts as a general stim- 
ulant and dose-dependent antagonist for several anesthetic 
agents (Woods et al. 1995, 1996b). Woods et al. 1996b) found 
that doxapram was most beneficial if introduced via an endo- 
tracheal tube directly into the lungs. Those authors recom- 
mended a dosage of 2 mg/kg to stimulate respiration and 
4 mg/kg as a general stimulant and antagonist. The under- 
side of the tongue is also a useful site for injection (Baker 
and Gatesman 1985; Bester 1988; Woods et al. 1996b). As 
with otariids, the anesthetist should be prepared to intubate 
and provide ventilatory assistance to animals with prolonged 
apnea. In some animals with prolonged apnea, the larynx is 
tightly closed, requiring forced opening prior to insertion of 
the endotracheal tube (Baker et al. 1990). In some instances, 
intubation itself resulted in apnea, and the presence of an 
endotracheal tube may hinder an anesthetized southern ele- 
phant seal from breathing (Woods et al. 1996b). 

Prolonged apnea often precedes development of brady- 
cardia prior to death in immobilized phocids, as was noted 
in animals given ZT that were unresponsive to IV doxapram 
(Phelan and Green 1992). The authors of that study suggest 
that doxapram be administered prior to the beginning of 
cardiovascular compromise in order to be effective. In cases 
where cardiac function has already decreased, the authors 
recommended intracardiac injection of doxapram to ensure 
adequate concentrations at receptor sites, although intracar- 
diac injections in large animals under field conditions may be 
difficult. Thoracic compressions to facilitate cardiac contrac- 
tions have been performed in phocids but, as with otariids, 
have not often been successful (Mitchell and Burton 1991). 

The use of reversible agents may be advantageous in 
phocids but cannot be relied upon in emergency situations. 
Recent reversible agents that have been evaluated in phocids 
include naloxone and naltrexone to reverse pethidine (Woods 
et al. 1994a; Lynch et al. 1999a), 4-aminopyridine to partially 
reverse ketamine—diazepam (Woods et al. 1995), sarmazenil 
to partially reverse ketamine-diazepam and ZT (Woods et 
al. 1995), yohimbine to partially reverse ketamine—xylazine 
(Woods et al. 1995), and flumazenil to reverse midazolam 
(Lynch et al. 1999a; Ryon, Braun, and Dalton 1999; Mellish 
et al. 2010). Medetomidine-ketamine in elephant seals was 
poorly reversed using atipamezole, resulting in prolonged 
recovery, bradycardia, and mortality (Woods et al. 1996a; 
Haulena and Gulland unpubl. data). 


Odobenids 


In comparison to phocids and otariids, relatively little pub- 
lished anesthetic information exists for walruses, and they 
remain one of the most challenging species to anesthetize 
(Gales 1989). Their large size (an adult may weigh 500 to 
1500 kg) makes manual restraint impractical and means that 


special considerations for handling, sedation, and anesthesia 
must be taken. 

In managed walrus, a good training program can facili- 
tate some procedures, and the environment can be controlled 
and monitored. Important considerations include where the 
procedure will be conducted, the environmental temperature, 
padding and positioning of the walrus, a safety zone for staff, 
and what anesthetic equipment for ventilation and monitoring 
is needed. 


Sedation 


Prior to sedation or anesthesia, it is recommended that the 
fasted walrus be separated to a dry holding area or transport 
crate, if relocation is desired. Within the dry holding area or 
crate, behaviorally conditioned walrus can be given induction 
agents by hand or pole injection. If not conditioned, walrus 
should be separated to a dry holding area or drained pool 
bottom and restrained with a purpose-built cargo net. We 
recommend that a thick braided nylon net have a minimum 
diameter of 15 feet with 5-inch holes and perimeter cinch 
capability. The throw net can be used to limit movement and 
facilitate drug administration until sedation is achieved. It is 
important to ensure that net material does not damage sensi- 
tive areas like the eyes, nares, and mouth. The most common 
sedative agents used in managed walrus include butorpha- 
nol with or without diazepam or midazolam, and meperidine 
with diazepam or midazolam (Brunson 2014). Table 26.4 
summarizes the more recent anesthesia literature. Analgesic 
agents that have been used in walrus include opioids (butor- 
phanol, tramadol, nonsteroidal anti-inflammatory agents 
(meloxicam, carprofen), steroidal anti-inflammatory agents 
(prednisone, dexamethasone), and local anesthetics Clido- 
caine, bupivacaine). As with other species, dose and treat- 
ment course depend on the underlying disease condition. 


Induction 


Sites for IM injection have included the larger shoulder mus- 
cles, pelvic, paralumbar muscles, neck, and tongue (Griffiths, 
Wiig, and Gjertz 1993; Lanthier, Stewart, and Born 1999), 
where blubber layers are relatively thin but still necessitate 
the use of needle lengths of 8-11 cm (Stirling and Sjare 1988; 
Griffiths, Wiig, and Gjertz 1993; Tuomi, Mulcahy, and Garner 
1996; Lanthier, Stewart, and Born 1999) in adult animals. 
Hand injection of IM agents is a more reliable method of 
administration. Like phocids, walruses have a large extra- 
dural intravertebral venous sinus (EIV) that can be safely 
accessed for venipuncture via the intervertebral spaces of L4 
to L7 (Brunson 2014). Other venous access sites include the 
interdigital hindflipper veins, gluteal vein, or metatarsal vein 
(see Chapter 42). Successful intravenous catheterization of 
the EIV can be achieved using 16-18 gauge, 6-9 cm spinal 
needles or over-the-top polypropylene catheters (Mila®) for 
administration of IV induction agents, fluids, antibiotics, and 
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emergency drugs. The use of IV induction in walrus is usu- 
ally limited to behaviorally conditioned individuals in display 
facilities, sedated walrus, or very young animals that can be 
easily restrained. Premedication with oral sedatives, such as 
benzodiazepines, can facilitate handling and administration 
of injections and can prevent muscle rigidity. Atropine has 
been used at the discretion of the anesthetist to prevent bra- 
dycardia and excessive oral secretions. Once walruses are 
sedate enough for anesthetic induction, IV propofol can be 
incrementally bolused until the walrus is ready for intubation. 
Smaller animals or animals in facilities equipped with proper 
mechanical restraint devices may be masked with an inhala- 
tion agent. 


Intubation 


Once immobilized, supportive oxygen therapy can be deliv- 
ered via face mask to improve oxygenation prior to intubation. 
Sternal recumbency offers the best approach for restraining 
the head and tusks with soft ropes or towels from either side. 
Intubation of walrus is most readily accomplished by manual 
palpation of the larynx with one hand and insertion of the 
endotracheal tube with the other hand. The small opening of 
the mouth in juvenile walrus, often 10-12 cm in diameter, can 
complicate palpation of the larynx. Extension of the head and 
neck and the use of a long laryngoscope or bronchoscope to 
guide intubation can be used in young animals. Blind intu- 
bation is not recommended due to the possibility of errant 
intubation of the esophagus or pharyngeal pouch. Walruses 
weighing between 400 and 800 kg have been intubated using 
16-22 mm diameter endotracheal tubes (Walsh et al. 1988). 


Inhalation Anesthesia 


After inducing anesthesia with IV propofol, it is recom- 
mended to use a large animal anesthesia machine with posi- 
tive pressure ventilation, large diameter air hoses, and having 
capability for isoflurane or sevoflurane in managed walrus. 
Sevoflurane is preferred over isoflurane due to lower blood 
solubility resulting in faster surgical plane or target anesthe- 
sia and recovery. Maintenance level ranges for isoflurane and 
sevoflurane are 1.8-2.5% and 2.0-2.5%, respectively. Once 
intubated and maintained on anesthetic gas, intermittent pos- 
itive pressure ventilation is highly recommended to improve 
ventilation and oxygenation of large walrus. 


Field Immobilization 


In field conditions, sedation and anesthesia of walrus were 
reported to have high rates of morbidity and mortality due to 
respiratory and circulatory compromise secondary to induc- 
tion agents and challenges with patient monitoring (Brunson 
2014). Environmental conditions and location of walrus in 
the field can make it extremely difficult to get to animals 
when darted. Field immobilizations have utilized more potent 


opioids, such as carfentanil or etorphine, in combination with 
medetomidine or dexmedetomidine (Griffiths, Wiig, and 
Gjertz 1993). Dissociative anesthetics (tiletamine—ketamine, 
tiletamine-—zolazepam) have been used in the field and in 
managed walrus where available (Griffiths, Wiig, and Gjertz 
1993; Brunson 2014). Free-ranging walruses have been immo- 
bilized with a number of chemical agents delivered by either 
capture rifle (DeMaster et al. 1981, Griffiths, Wiig, and Gjertz 
1993; Tuomi, Mulcahy, and Garner 1996, Lanthier, Stewart, 
and Born 1999) or crossbow (DeMaster et al. 1981). Jabsticks 
and modified jabsticks that allow for injection of agents from 
several meters away have also been employed (Stirling and 
Sjare 1988; Griffiths, Wiig, and Gjertz 1993). Only rarely has 
inhalant anesthesia been used in the field. Carfentanil induc- 
tion with isoflurane in oxygen gas anesthesia was used in 
four adult walrus, and reversal was successful with naltrexone 
(Tuomi, Mulcahy, and Garner 1996). 


Monitoring 


While their thick skin and subcutaneous fat layer protects 
walrus in cold Arctic temperatures, it can prevent easy iden- 
tification of peripheral vessels and prohibits routine ausculta- 
tion. As with otariids, respiratory and cardiac rates have been 
monitored by noting thoracic movements (Griffiths, Wiig, and 
Gjertz 1993; Tuomi, Mulcahy, and Garner 1996). Heart rate 
has also been monitored via ECG (Walsh et al. 1988). Resting 
values in unanesthetized male walruses were approximately 
4-8 breaths per minute (Stirling and Sjare 1988), while heart 
rate was found to be 52-66 beats per minute (Griffiths, Wiig, 
and Gjertz 1993). Temperature has been recorded by placing 
a probe approximately 35-60 cm into the rectum (Walsh et al. 
1988, Griffiths, Wiig, and Gjertz 1993; Lanthier, Stewart, and 
Born 1999). Recorded temperatures have varied from 34.8°C 
to 37.9°C in walruses immobilized with carfentanil (Lanthier, 
Stewart, and Born 1999). Attempts have been made to use 
pulse oximetry in walruses. Probes attached to nasal sep- 
tum, tongue, prepuce, anal mucosa, eyelid, cheek, and flipper 
webbing can be variable and should be checked for reliability 
(Lanthier, Stewart, and Born 1999). Blood gases and EtCO, 
have been monitored in anesthetized walrus. We recommend 
keeping EtCO, between 40 and 50 mmHg and SpO, levels 
greater than 90%. Decreasing anesthetic concentration prior 
to procedure end can aid with quicker recovery, as recovery 
can be prolonged. The ET should be removed only when the 
walrus is alert and mobile, and the cough reflex is apparent. 


Support 


Mechanical ventilation is highly recommended for large 
walrus undergoing general anesthesia. The tidal volume 
for the walrus is approximately 15 ml/kg. Inspiratory pres- 
sures should not exceed 30-35 cm H,O, and respiration 
frequency should be 4-6 breaths per minute. Apnea was a 
consistent finding when etorphine was used to immobilize 
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walruses (Griffiths, Wiig, and Gjertz 1993). Most of the ani- 
mals in that study would breathe only after the injection of 
the reversal agent. Respiratory depression and hypoxia may 
occur when meperidine and propofol are used; therefore, 
support with nasal or facial mask oxygen is recommended. 
Doxapram can be used to stimulate respiration in apneic 
walrus; however, its use may have limited efficacy unless 
other sedatives are completely reversed (Cornell and Antrim 
1987). Heart rate ranges between 80 and 100 beats per min- 
ute and can slow to 60 beats per minute with anesthesia. 
With undesired changes in heart rate or ventilation, reversal 
of initial sedatives can aid with improving cardiac output 
and ventilation. 

Poor positioning of immobilized animals may result in 
problems during anesthesia. DeMaster et al. (981 recom- 
mended that animals not be immobilized on a slope while 
their heads are lower than their bodies. This may cause 
excessive compression of the thorax by the weight of the 
abdominal organs, and interfere with adequate pulmonary 
expansion. Occlusion of the airway has occurred when a 
nearby animal blocked the nasal openings of an immobilized 
walrus that could not reposition itself (Stirling and Sjare 1988). 
It was also found that the tongue would fall onto the palate 
and block the airway if animals were placed supine (Griffiths, 
Wiig, and Gjertz 1993). Walrus should be intubated to main- 
tain an adequate airway, and endotracheal tubes should 
remain in place for as long as possible after recovery has 
begun. Darted animals may enter the water and drown if they 
are not selected carefully and reversed accordingly (Lanthier, 
Stewart, and Born 1999). 

Thermal support can be accomplished by warming 
intravenous fluids, or applying external warm water or wool 
blankets, or adjusting room temperature during anesthesia. 
Hyperthermia was noted during the use of phencyclidine 
and was controlled by pouring cold water over immobilized 
animals (DeMaster et al. 1981. No adverse effects on core 
temperatures were seen with ZT Gtirling and Sjare 1988), 
carfentanil (Lanthier, Stewart, and Born 1999), or etorphine 
(Griffiths, Wiig, and Gjertz 1993). 


Emergencies 


Doxapram has been injected IM into the neck muscles to 
prevent apnea but may not be effective (Griffiths, Wiig, and 
Gjertz 1993; Lanthier, Stewart, and Born 1999). Doxapram 
is best used IV and can be delivered into the intravertebral 
sinus. 

Butorphanol and meperidine are reversed with naltrex- 
one IM. Diazepam and midazolam are reversed with fluma- 
zenil given IV or IM. The flumazenil dose range is large, and 
therefore repeating reversal with flumazenil may be neces- 
sary. If medetomidine or dexmedetomidine is used, it should 
be reversed with atipamezole (IM) early in the anesthesia to 
improve cardiac output and vascular perfusion. Potent opi- 
oids like carfentanil and etorphine (no longer available in the 


United States) are reversible with naltrexone and diprenor- 
phine, respectively. Apnea has been noted after injection of 
carfentanil and was postulated to be the result of muscular 
spasms of the upper airway, which resolved after administra- 
tion of the antagonist naltrexone given either IM into tongue, 
lips, or shoulder, or IV (Tuomi, Mulcahy, and Garner 1996, 
Lanthier, Stewart, and Born 1999). Propofol is safe and has 
been used in walrus, but can cause apnea when bolused. 
Diligent monitoring, intubation, and positive pressure venti- 
lation are advised to maintain adequate oxygenation. 


Sirenians 


Most of the information presented in this chapter will refer 
to knowledge obtained from working with West Indian 
manatees (7richechus manatus latirostris), the sirenian most 
commonly rescued and rehabilitated in the southeast United 
States (see Chapters 38 and 43). 


Sedation 


Depending on the size of the manatee, most visual assess- 
ments and diagnostic procedures of wild and managed 
manatees can be accomplished with manual restraint. Under 
manual restraint, IM injections can be administered with long 
spinal needles (18 gauge, 9 cm needles) in the dorsal paralum- 
bar region or pelvic region. If manatees are eating pocketed 
food items or other treats, oral sedatives can be administered 
15-2 hours prior to a diagnostic procedure. 

Benzodiazepines (diazepam and midazolam) are often 
prescribed for their anxiolytic properties for minor proce- 
dures or premedication for general anesthesia. Doses for seda- 
tion and anesthetic agents are presented in Table 26.5. Oral 
absorption of diazepam can be variable, whereas injectable 
midazolam that is delivered IM is readily absorbed and has 
action with 15-25 minutes (Nolan and Walsh 2014). The addi- 
tion of an opioid (butorphanol or meperidine) can increase 
sedation but can also suppress respiration. Combinations of 
opioids (butorphanol) and an alpha-2 agonist (xylazine or 
detomidine) have also been used. 


Intubation 


Following administration of sedatives or induction agents, the 
clinical team should be prepared to supplement oxygen with 
a face mask, cone, or nasal cannula in case of hypoxia or 
hypoventilation. Manatees have long breath-hold capability 
and may not breathe with a cone or mask over the nares. 
Due to the elongated soft palate and poor access to the lar- 
ynx, intubation is performed nasally by visualizing the lar- 
ynx endoscopically through one nare while introducing the 
endotracheal tube (size 10-14, depending on size of mana- 
tee) through the other nare (Nolan and Walsh 2014). Another 
method involves placing the ET over a flexible endoscope 
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Table 26.5 Immobilizing Agents Previously Used in Sirenians, Including Comments on Recommended Uses and Efficacies 


Agent Dosage Route Comments Reference 
Butorphanol 0.01-0.025 mg/kg IM In combination with diazepam for mild Murphy 2003 
painful procedures, anesthetic induction. 
Give butorphanol 10 minutes prior to 
diazepam IV. 
0.005—0.01 mg/kg IM/IV In combination with detomidine for 
minor surgical procedures or anesthetic 
induction. Excellent analgesia and 
muscle relaxation. Beware of narrow 
therapeutic index. 
0.04—0.06 mg/kg IM With midazolam 0.1 mg/kg IM for Nolan and Walsh 2014; Hall 
anesthesia induction or for short et al. 2012 
procedures fractious individuals. 
0.1 mg/kg IM With midazolam (0.1 mg/kg IM) for Walsh pers. comm.; Nolan 
anesthesia induction in severely and Walsh 2014 
fractious individuals. 
Very deep sedation. 
Use caution. 
Detomidine 0.005—0.01 mg/kg IM Moderate sedation. 
Beware of narrow therapeutic index. 
Cardiovascular effects unknown. 
Diazepam 0.02—0.035 mg/kg IV For nonpainful diagnostics. Murphy 2003 
Isoflurane 0.066 mg/kg IM For tranquilization. Bossart, CRC 2nd edition, 
Meperidine 0.5-5% IH Lasts 60-90 minutes. 2001 
0.045-1 mg/kg IM Similar settings as in domestic animals. Walsh and Bossart 1999 
In combination with midazolam for Walsh and Bossart 1999 
more painful procedures or anesthetic 
induction. 
Lidocaine 2% IM Local perfusion to effect. Walsh and Bossart 1999 
Midazolam 0.02—0.05 mg/kg IM Mild to moderate sedation. Murphy 2003 
0.045mg/kg IM Sedation for 20-30 minutes. Nolan and Walsh 2014 
0.08 mg/kg IM Anesthetic induction. Walsh and Bossart 1999 
Xylazine 0.05-0.1 mg/kg IM Murphy 2003 
Reversal agents 
Atipamezole 1 mg/20 mg xylazine IV Reversal for xylazine. Murphy 2003 
1 mg/2 mg detomidine Reversal for detomidine. 
Flumazenil 1 mg/10-20 mg midazolam IV Equal volume as midazolam/diazepam. Murphy 2003 
or diazepam 
Naltrexone 102 mg/1 mg butorphanol IV, IM Reversal for butorphanol. Murphy 2003 
Yohimbine 1 mg/5—10 mg xylazine IV Murphy 2003 


and visualizing the epiglottis opening, and then passing the 
ET over the scope into the trachea. The trachea in the mana- 
tee is short (<10 cm) and branches proximally; therefore, care- 
ful insertion of the ET is necessary to avoid endobronchial 
intubation (Murphy 2003). 


Inhalation Anesthesia 


Isoflurane and sevoflurane in oxygen at 1.5-5% have been 
used to maintain anesthesia in manatees (Brunson 2015). 
Sevoflurane has lower solubility and will decrease recovery 
times, especially following long procedures. 


Monitoring 


Monitoring with ECG, pulse oximetry, and temperature probes 
are similar to other aquatic species. Attachment of ECG leads 
can be adhesive or suction cup leads. 


Support 


Mechanical ventilation using a large animal anesthesia machine 
and ventilator with a large reservoir system, up to 30 L, is 
preferred over manual ventilation (Nolan and Walsh 2014). 
Antagonism of butorphanol or meperidine with naltrexone 
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and diazepam or midazolam with flumazenil (1M) early dur- 
ing the anesthetic procedure is advised to improve ventila- 
tion and perfusion of vital organs and speed recovery. During 
recovery, manatees should remain intubated and ventilated 
for as long as possible, until the manatee shows signs of 
consciousness and reflexes (palpebral, nares, jaw tone, anal/ 
penile sphincter) return, as apnea is common following extu- 
bation. Doxapram has been used to stimulate respiration in 
manatees. 


Emergencies 


Anesthetic emergencies are not uncommon due to the high 
level of anesthetic risk with some wild manatee patients 
presenting with significant health issues including pneumo- 
thorax, pyothorax, fractured ribs, pregnancy, and systemic 
infection. Anesthetic complications of hypothermia, bradycar- 
dia, ventilation/perfusion mismatch, or dysrhythmias can be 
prevented with appropriate monitoring, proper positioning of 
the patient, and addressing underlying causes (Wilson and 
Shih 2015). Timely adjustments of anesthetic depth and rever- 
sal of respiratory depressants can improve organ perfusion 
and speed recovery. Emergency drug administration follows 
standard emergency protocols for other species. 


Table 26.6 
and Efficacies 


Sea Otters 


Because of the difficulty associated with adequately restrain- 
ing otters, the IM route is more often employed, especially 
under field conditions (Sawyer and Williams 1996). Sites for 
IM injection of anesthetic agents include the quadriceps, 
semimembranosus-semitendinosus (Joseph, Cornell, and 
Williams 1987), and lumbar muscles. The femoral and popli- 
teal veins have been used for venipuncture and may be used 
for administering anesthetic agents (see Chapter 44). Table 
26.6 summarizes some anesthetic agents that have been used 
in sea otters. 


Sedation and Induction 


The most common, currently used, agents are reversible nar- 
cotic sedatives and neuroleptanalgesics, such as fentanyl or 
oxymorphone, combined with a benzodiazepine, usually 
midazolam. We recommend a dosage of 0.22 mg/kg fentanyl 
with 0.07 mg/kg midazolam for induction. Ketamine was 
thought to have a narrow margin of safety in sea otters in 
comparison to its use in other mustelids (Williams and Kocher 
1978). Meperidine alone may cause diaphragmatic spasm, 
convulsions, and respiratory depression, side effects that 


Immobilizing Agents Previously Used in Sea Otters (Enhydra lutris), Including Comments on Recommended Uses 


Agent n Dosage Route Mortality Comments Reference 
Fentanyl/ NA 0.05 mg/kg IM NA Recommended for field Williams 1986 
Azaperone 0.2 mg/kg use 
Fentanyl/ NA 0.2 mg/kg IM NA Recommended during Williams and 
Acepromazine/ 0.05 mg/kg Exxon VALDEZz Oil spill Sawyer 1995 
Diazepam 0.5 mg/kg (1989) 
Fentanyl/ 294 0.1+0.003 mg/kg IM NA Lighter sedation and Sawyer and Williams 
Diazepam 0.1+0.006 mg/kg shorter acting than when 1996 
either acepromazine or 
azaperone was added 
Fentanyl/ 597 0.22—0.33 mg/kg IM <1% Use higher dosages for Monson, 
Diazepam 0.07—-0.11 mg/kg more invasive procedures McCormick, and 
Reverse with naltrexone at Ballachey 2001 
2x fentanyl 
Some tremors and rigidity 
observed 
Fentanyl/ 61 0.1+0.02 mg/kg IM NA Deeper sedation than Sawyer and Williams 
Azaperone/ 0.5+0.02 mg/kg 0.3+ fentanyl/diazepam only 1996 
Diazepam 0.01 mg/kg Duration of up to 2.5 hours 
Fentanyl/ 32 0.1+0.006 mg/kg IM NA Deeper sedation than Sawyer and Williams 
Acepromazine/ 0.14+0.01 mg/kg 0.2+ fentanyl/diazepam only 1996 
Diazepam 0.01 mg/kg Duration of up to 2.5 hours 
Meperidine/ 57 13+0.5 mg/kg IM NA Numerous mortalities but Sawyer and Williams 
Diazepam 0.2+0.01 mg/kg IM many attributed to other 1996 
11-13.2 mg/kg IM factors Joseph, Cornell, and 
0.22—0.55 mg/kg Best combination of Williams 1987 


several agents tested 
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were not seen when diazepam was added (Joseph, Cornell, 
and Williams 1987). Reversal with naltrexone at a dose equal- 
ing 1.5-2 times the total milligrams of fentanyl administered 
is preferred (Monson, McCormick, and Ballachey 2001), but 
must be purchased compounded for veterinary use. The 
human formulation of naloxone (1 mg per 0.1 mg of fentanyl 
dose) has been used for narcotic reversal, but has occasion- 
ally been associated with complications due to renarcotiza- 
tion (the reversal agent is metabolized before the narcotic is 
eliminated), and subsequent risk of drowning. The dose of 
the reversal agent may be divided giving 1/2 intravenously 
for immediate arousal and 1/2 intramuscularly to provide 
longer effect. Flumazenil may be used to reverse diazepam 
for debilitated patients, but is not usually used with routine 
immobilizations. 

Use of other agents for sedation has recently been 
reported in captive sea otters. Dexmedetomidine has been 
used as a single drug at 375 mcg/m? (Brown, pers. comm.). 
It has also been combined at 0.0075 mg/kg with midazolam 
at 0.05 mg/kg and butorphanol at 0.5 mg/kg (Adams, pers. 
comm.), or combined at 10-20 pg/kg with butorphanol 
0.2 mg/kg (Miller, pers. comm.). These protocols provide 
effective sedation in captive otters and are reversible with 
atipamizole (0.075 mg/kg) and naltrexone (0.08 mg/kg), but 
wild otters are not reliably sedated with these protocols. 

The use of preanesthetic medications in sea otters is 
limited. Oral administration of diazepam (0.15 to 0.5 mg/kg) 
given 1-2 hours before induction with a small amount of food 
may reduce the risk of stress-induced hyperthermia and other 
complications related to the sea otters becoming agitated dur- 
ing restraint. However, benzodiazapenes administered to 
young (<1-2 years of age) animals has resulted in disinhibi- 
tion and subsequently increased activity levels and decreased 
compliance with trained medical behaviors. Additionally, 
benzodiazepenes may cause peripheral vasodilation during 
hypothermia, and therefore should be used with caution on 
debilitated animals. 

Premedication with enteral gastrointestinal therapeu- 
tics that may reduce the risk of stress-induced gastroen- 
teritis includes prokinetics (metoclopramide), antiemetics 
(maropitant, ondansetron), protectants (sucralfate), hista- 
mine (H,) blockers (famotidine, ranitidine), and metronida- 
zole. Metoclopramide, in particular, may be useful in animals 
prone to anesthetic-induced ileus. Parenteral administration 
is also a consideration for certain gastrointestinal protective 
medications when oral administration is not possible. Short- 
term administration of histamine (H,) blockers (cimetidine or 
ranitidine) may be useful; however, care should be taken with 
long-term administration of any medications that increase the 
gastric pH due to the potential for gastrointestinal perfora- 
tion by undigested bones, particularly if the animals are eat- 
ing whole fish. Premedication with atropine has not been 
reported in sea otters. 

Physical restraint is possible, especially in smaller indi- 
viduals, to allow for induction by inhalation. Oxymorphone 


(0.3 mg/kg) has been combined with diazepam (0.5 mg/kg) 
IM (Huff, pers. comm.) and medetomidine with butorpha- 
nol IM (Murray, pers. comm.) to aid in restraint for induction 
using isoflurane. Isoflurane and sevoflurane alone have been 
used as an induction agent in young sea otters. 


Intubation 


The glottis and laryngeal folds are easily visualized in sea 
otters with the aid of a standard laryngoscope and good 
restraint of head and mouth. However, the endotracheal tube 
diameter that can be passed into the trachea is often smaller 
than that for terrestrial carnivores of a similar mass. 


Inhalation Anesthesia 


Isoflurane and sevoflurane are well tolerated by sea otters 
of varying age class and disease status. However, the use 
of inhalant anesthetics was contraindicated during clean- 
ing of oiled sea otters due to potential volatilization of the 
petroleum products and exacerbation of pulmonary lesions 
(Williams, O’Connor, and Nielsen 1995; Sawyer and Williams 
1996). Halothane and nitrous oxide were historically used 
(Williams 1986). Intermittent positive pressure ventilation can 
be applied with sea otters, and tidal volume is approximately 
15-20 ml/kg. Otters should be monitored for recovery in a 
confined crate. 


Monitoring 


Stethoscopic monitoring of respiratory and cardiac rate and 
character has been extensively used during anesthesia of 
sea otters. Pulse oximetry has been employed in sea otters 
by attaching clip probes to the tongue and genital mucosa. 
Reflectance probes can be used rectally. Anesthetized sea 
otters appear to have difficulty with thermoregulation. 
Preexisting conditions that have affected the haircoat, body 
condition, or metabolic rate can quickly exacerbate thermo- 
regulatory difficulties; thus, monitoring temperature is vital. 
Flexible temperature probes can be placed rectally. Doppler 
flow probes have been placed on the forelimbs to evaluate 
pulse strength. The use of capnography, ECG recording, and 
blood pressure monitoring has not been well described in the 
literature. However, probe and lead placements are very simi- 
lar to those of terrestrial carnivores. ECG leads can be attached 
to needles inserted through the skin, similar to the technique 
described above for otariids. Due to the importance of fur for 
thermoregulation, shaving is not recommended, particularly 
for free-ranging otters. 


Support 


Responding to changes in the temperature of anesthetized 
sea otters is extremely important. Dealing with hyper- or 
hypothermia is much the same as has already been described 
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for pinnipeds. An easily palpable jugular vein in anesthetized 
sea otters can be catheterized for continuous warmed intrave- 
nous fluid administration. 


Emergencies 


Although the use of emergency drugs has not been well 
described in sea otters, many of the agents used in terrestrial 
carnivores can be used in sea otters. The anesthetist should 
be well versed in the use of emergency anesthetic agents. 
Reversal agents including naloxone (Joseph, Cornell, and 
Williams 1987) and naltrexone have been used to antagonize 
the effects of various narcotic agents, but note that use of 
naloxone has been associated with narcotization (see above). 


Polar Bears 


The anesthesia of polar bears (Ursus maritimus) is more typi- 
cal of terrestrial carnivores than of other marine mammals 
(Table 26.7). Polar bears are highly intelligent, agile, and 
dangerous animals that can pose a serious risk to personnel 
working with them. Specialized training and an experienced 
team approach are essential. 


Sedation 


Since adult male polar bears often weigh >500 kg, potent com- 
pounded drugs are necessary to meet dart volume require- 
ments and ensure drug delivery. Barbed or collared needles 
are recommended for narcotic administration to ensure com- 
plete delivery of drugs. Polar bears have substantial fat depos- 
its over their hindquarters and lumbar region, which can delay 
absorption of injected drugs, and therefore, the shoulder and 
caudal neck region are the best sites for IM drug delivery 
(Brunson 2015). Immobilization is most accomplished from a 
safe distance, with a dart rifle or pistol. Managed bears may 
be trained for hand injection, which would reduce stress of 
dart immobilization. 

Common drug combinations used to immobilize polar 
bears for health assessment, collaring, or preparation for trans- 
port include ZT; medetomidine—zolazepam-tiletamine (MZT); 
midazolam—medetomidine-ketamine; and medetomidine- 
ketamine and carfentanil. ZT is used commonly in the field, 
as it produces reliable immobilization with a low mortality 
rate but is associated with prolonged recoveries (Stirling, 
Spencer, and Andriashek 1989; Cattet, Caulkett, and Lunn 
2003). All ZT anesthetized bears remained recumbent until 
the conclusion of handling in field conditions and recovery 
often exceeded 2 hours (Cattet, Caulkett, and Lunn 2003). 
Supplemental oxygen is recommended. ZT volumes can be 
reduced when combined with xylazine or medetomidine. 
Recoveries from drug combinations can be improved by par- 
tial antagonism of medetomidine-xylazine and zolazepam— 
midazolam with atipamezole-yohimbine and flumazenil, 


respectively. Medetomidine-ketamine can cause significant 
hypertension, bradycardia, and sinus arrhythmia compared 
to ZT in wild polar bears (Cauklett et al. 1999). MZT caused 
mild hypoxemia and had improved analgesia compared to ZT 
alone in field conditions (Cauklett et al. 1999). Medetomidine- 
ketamine combinations were discontinued due to the sudden 
awakening of three anesthetized bears between 38 and 90 
minutes of handling (Cattet, Caulkett, and Lunn 2003). Wild 
polar bears enter a hypometabolic state in late summer, early 
fall, as animals fast and body temperatures are decreased 
(Cattet, Caulkett, and Lunn 2003). Immobilization doses can 
be decreased during that time of the year. 

With managed polar bears, facilities have used combina- 
tions of MZT, medetomidine-ketamine, or medetomidine- 
ketamine-—midazolam with reversal of medetomidine with 
atipamezole to improve ventilation/perfusion (Curry et 
al. 2014; Mendez-Angulo et al. 2014). The combination of 
medetomidine-ketamine-midazolam produces consistent 
rapid onset of immobilization that is partially reversible dur- 
ing anesthesia, which can improve oxygenation and perfu- 
sion, and speed recovery. Careful attention must be used with 
carfentanil, as complications with hypoventilation, apnea, 
and cardiac arrest have occurred with managed polar bears. 

Once a polar bear is recumbent for 10-15 minutes, 
observed for respiratory rate, and tested with a pole for 
reflexes (withdrawal reflex, nasal stimulation, ear twitch, 
head raise) ensuring the bear is sufficiently immobilized, it 
is safe to approach. The polar bear should be positioned to 
allow normal respirations, maintain airway, and avoid pres- 
sure on limbs, and padding should be provided on the floor 
or surgery table. If a dart was used, it should be located and 
removed to avoid further skin or muscle trauma. If the pro- 
cedure is short, monitoring equipment (ECG, pulse oximetry, 
and temperature probe) can be attached to ensure that the 
bear has normal ventilation and perfusion before sampling 
and measurements commence. 


Inhalation Anesthesia 


For longer procedures, polar bears should be intubated and 
placed on gas anesthesia. Intubation is best accomplished 
with the bear in sternal position with adequate restraint of the 
head to allow retraction of the open mouth to provide ade- 
quate visualization of the larynx or glottis with a long laryn- 
goscope. Due to the dark pigmentation of the oral mucosa 
and/or poor lighting conditions, manual intubation may be 
required. ET tubes ranging from 20 to 24 mm have been used 
for female and male polar bears, respectively. 

Isoflurane or sevoflurane has been used for maintenance 
anesthesia. Due to sevoflurane’s lower blood solubility, recov- 
eries are faster and bears are standing in 10-15 minutes after 
reversal of injectable agents. While maintained with gas anes- 
thesia, intermittent positive pressure ventilation can be used 
to aid ventilation with inspiratory peak pressure <30 cm H,O. 
A standard large animal or equine anesthesia machine with 
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Immobilizing Agents Previously Used in Wild(“) and Captive(°) Polar Bears (Ursus maritimus), Including Comments 
on Recommended Uses and Efficacies 


Agent 
Ketamine/xylazine 


Zolazepam/tiletamine 


Zolazepam/tiletamine 


Medetomidine/Ketamine 


Medetomidine/tiletamine/ 
Zolazepam 

Xylazine/zolazepam/ 
Tiletamine 

Zolazepam/tiletamine 


Zolazepam and tiletamine 
(ZT)/medetomidine 

Isoflurane 

Ketamine/ 

Medetomidine 

Propofol 

Isoflurane 


Ketamine/ 
Medetomidine 
Midazolam 
Sevoflurane 
Ketamine 


Atipamezole 


Flumazenil 


n 
73” 


Bw 


30” 


12a" 


42” 


ge 
17” 


1c 


te 


11° 


Dosage 


10.7—11.0 mg/kg each 


8-10 mg/kg total 


3.76-12.17 mg/kg; 


X = 7.9 mg/kg 


77-352 1g/kg/ 
1.14-7.43 mg/kg 
1.92-8.81 mg/kg 

34-225 IMg/ 


kg/1—14-7.43 mg/kg 


2 mg/kg/ 
3 mg/kg 
6-8 mg/kg 


2.2 mg/kg ZT 
0.06 mg/kg M 
NA 
2.0 mg/kg 
0.04 mg/kg 
NA 
NA 


3.2 mg/kg 

0.05 mg/kg 
0.2 mg/kg 

2.5-3.5% 
2-20 mg/kg 


0.12-0.2 mg/kg 


0.02-0.05 


Route 
IM 


IM 


IM 


IM 
IM 


IM 
IM 


IM 
IM 
IH 
IM dart 
IM 
IV 
IH 


IM dart 
IM 
IM 
IH 
IM 


IV/IM 


Mortality 
14% 


0% 


4.5% 


2.3% 


W%c 
w/XZT 


0% 


0% 


0% 


Comments 


Reversed with yohimbine 
(0.29-0.198 mg/kg, 
median 0.099 mg/kg, 
median 10 min recovery) 
Testing position in 
hanging nets for transport, 
found some bears 
hypertensive and 
hypoxemic 
Provides good analgesia, 
mild hypoxemia 
8 animals required 
multiple injections 
Sudden recoveries, use 
discontinued 


Partial reversed with 
yohimbine (0.2 mg/kg or 
atipamezole 0.15 mg/kg, 

tolazoline not effective, 
induction dosage and 
volume les with XZT, 
smooth and predictable, 
better analgesia) 
Reversed with 0.24 mg/kg 
atipamezole 


Reversed with 0.12 mg/kg 
atipamezole IM after 
transfer back to zoo; 

maintained on isoflurane 
in oxygen for surgery, 
transport IV propofol 

boluses administered, 
prolonged recovery 
Reversed with 
atipamezole and 
flumazenil, 11 anesthesias 
(n = 3) 

Short duration, causes 
muscular rigidity, best 
combined with diazepam 
Can reverse during 
general anesthesia to 
improve perfusion and 
ventilation 


Can reverse during 
general anesthesia to 
improve perfusion and 

ventilation 


Reference 


Ramsay et al. 
1985 


Cattet et al. 1999 


Cattet et al. 1999 


Cattet et al. 1999 


Cattet, Caulkett, 
and Lunn 2003 


Curry et al. 2014 


Mendez-Angulo 
et al. 2014 


Schmitt, unpubl. 
data 


Sedgwick and 
Robinson 1973 


Cattet et al. 1997; 
Mendez-Angulo 
et al. 2014; 
Collins 2015; 
Schmitt, unpubl. 
data 

Collins 2015; 
Schmitt, unpubl. 
data 
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bellow volume up to 30 L is sufficient for polar bear ventila- 
tion. Once safely under gas anesthesia, the antagonism of 
medetomidine will greatly improve heart rate and ventilation/ 
perfusion. 


Monitoring 


Blood can be sampled from and catheters inserted into multi- 
ple sites including the jugular vein, cephalic vein, metacarpal 
vein, or medial or lateral saphenous vein. Arterial catheter- 
ization can be obtained from metatarsal or femoral arteries 
(Cattet, Caulkett, and Lunn 2003). Noninvasive blood pressure 
has been unreliable due to the limited size of the cuffs. Bears 
can be monitored with ECG, capnography, pulse oximetry, 
blood gases, and temperature probes. 


Support 


Thermoregulation can be aided with warmed IV fluid ther- 
apy or subcutaneous fluids, warm air, or warm-water blan- 
kets. Hypothermia or hyperthermia can occur. In wild polar 
bears, rectal temperature has shown an increase of ~0.5°C 
per hour following immobilization with xylazine and ZT 
in a wide range of ambient temperatures (-10-18°C, Cattet, 
Caulkett, and Lunn 2003). The slow rise was not enough to 
cause hyperthermia; however, it was considered a sequela of 
alpha-2 agonist vasoconstriction, which could prevent cool- 
ing of a hyperthermic bear (Cattet, Caulkett, and Lunn 2003). 
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Introduction 


This chapter aims to provide clinicians and scientists working 
with marine mammals with a convenient and rapidly accessi- 
ble single source on the subject. A compilation of the available 
pharmacological information on cetaceans, pinnipeds, sireni- 
ans, sea otters (Enhydra lutris), and polar bears (Ursus mari- 
timus) is provided. Readers must be aware at all times that 
drugs discussed in this chapter may have only been used on a 
limited number of individual animals from a narrow range of 
species, so all information must be interpreted with caution. 
No drugs have been licensed for use in marine mammals. 
The authors have relied heavily on published documenta- 
tion, which is included relatively uncritically, but they have also 
included unpublished information from clinicians and institu- 
tions with experience with some of the less frequently encoun- 
tered species. Even so, numerous gaps remain. Most of the 
drug regimens included have been supported by documented 
clinical response, although only rarely have detailed phar- 
macokinetic studies been published (Table 27.1). Clinicians 
should be aware that undocumented effects may still occur 
when these drugs are used on larger numbers of individuals. 
The tabular format was selected for the convenience of 
clinicians needing information quickly. There are advantages 
and limitations to this presentation. The primary advantage 
is accessibility. The primary weakness is the limited amount 
of information presented with each entry. The tables are not 
intended to replace a background in clinical veterinary med- 
icine and pharmacology. Readers are directed to individual 
references for further information and are cautioned to read, 
understand, and discuss with colleagues the pharmacologi- 
cal properties of the drugs they intend to administer to a 
marine mammal, even though dose regimens appear in the 
tables (Benet et al. 1996; Riviere 2011). Dosages and adverse 
effects of anesthetic agents are discussed in Chapter 26. 
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Table 27.1 Drugs for which Pharmacokinetics Studies Have Been Undertaken in Marine Mammal Species 


Drug 


Dosage 


Species/Comments 


References 


Amikacin 


Aminocaproic acid 
Amoxicillin 


Buprenorphine SR 
(extended release) 
Cefovecin 


Ceftazidime 
Ceftiofur 
Ciprofloxacin 
Doxycycline 
Enrofloxacin 
Marbofloxacin 
Meloxicam 
Tramadol 
Vitamin A 


10 mg/kg IM BID 
12 mg/kg IM Q24h 


100 mg/kg IV, PO BID-QID 


20 mg/kg IV once 
20 mg/kg IV once 


0.12 mg/kg SC Q72h 


1-2 mg/kg SC, IM once 
2 mg/kg IM once 

4 mg/kg SC once 

4 mg/kg SC once 

8 mg/kg SC once 

8 mg/kg IM once 

8 mg/kg SC Q5-7d 

17.4 mg/kg IM once 

6.6 mg/kg IM Q5d 

10 mg/kg PO Q24h 
10-20 mg/kg PO Q24h 
5 mg/kg PO once 

5 mg/kg PO once 

0.1 mg/kg PO Q7d 

2-4 mg/kg PO BID-QID 
300-600 IU/day PO 


Orcinus orca 
Delphinapterus leucas 
Mirounga angustirostris 
Mirounga angustirostris 
Phoca vitulina 


Mirounga angustirostris 


Otaria flavesecens 
Odobenus rosmarus 


Zalophus californianus 
Phoca vitulina 
Halichoerus grypus 
Tursiops truncatus 
Enhydra lutris 


Tursiops truncatus 
Zalophus californianus 
Zalophus californianus 
Mirounga angustirostris 
Tursiops truncatus 
Phoca vitulina 

Tursiops truncatus 
Zalophus californianus 
Callorhinus ursinus 


KuKanich et al. 2004 
KuKanich et al. 2004 


Kaye et al. 2016 
Gulland et al. 2000 
Gulland et al. 2000 


Molter et al. 2015 


Garcia Parraga et al. 2016 


Garcia-Parraga, unpubl. data 
Garcia-Parraga, unpubl. data 
Garcia-Parraga, unpubl. data 
Garcia-Parraga, unpubl. data 


Garcia Parraga et al. 2012 
Lee et al. 2016 
Chow et al. 1992 
Meegan et al. 2013 
Barbosa et al. 2015 
Freeman et al. 2013 


Linnehan, Ulrich, and Ridgway 1999 


KuKanich et al. 2007 
Simeone et al. 2014 
Boonstra et al. 2015 
Mazzaro et al. 1995b 


Always be cautious when administering drugs or drug com- 
binations for the first time in a marine mammal. If the deci- 
sion is made to adopt a novel treatment regimen, only one 
animal should be treated and then observed for an appro- 
priate time to ascertain whether adverse reactions occur. 
Certain drug effects, such as sedation from opioids, may be 
dramatic in marine species. Sea otters, for example, may 
have difficulty in the water after receiving butorphanol or 
buprenorphine (Monterey Bay Aquarium Pharmacopeia). 
Finally, always check with colleagues working with marine 
mammals before using an unfamiliar drug, as they may be 
aware of adverse reactions that have not been reported. 


Routes for Administering 
Drugs to Marine Mammals 


Essentially all of the routes used to deliver drugs to domestic 
animals are available for delivering drugs to marine mam- 
mals. Practical considerations, however, frequently limit the 
choice of routes in a clinical situation, and anatomical adapta- 
tions can make delivery by some routes particularly challeng- 
ing. Details of choice of route are discussed in each species 
medicine chapter (see Chapters 40 through 45), but some 
precautions to take are given below. 


From a practical standpoint, oral (PO) administration of 
drugs is often the preferred route in an animal still taking 
feed regularly or being tube-fed routinely for nutritional sup- 
port. Few special caveats for oral administration of drugs to 
marine mammals have been discovered, and a good knowl- 
edge of human or domestic animal pharmacology provides 
excellent guidance for the appropriate selection of this 
route. The major considerations are food interactions and 
factors that might affect absorption. These factors include 
specific physiochemical properties of the drug, stomach 
pH, gastrointestinal microflora, and anatomy (Riviere 2011). 
For example, phosphorus binders are commonly used in 
California sea lions (Zalophus californianus) to treat renal 
disease associated with leptospirosis, as is tetracycline, yet 
the absorption of this antibiotic will be reduced by chelat- 
ing agents (Gulland 1999). Palatability issues may make PO 
administration difficult with some drugs that have a strong 
taste or smell. This is of particular importance in sea otters, 
for which PO administration of certain drugs like enrofloxa- 
cin is a great challenge. 

Subcutaneous (SC) administration may be technically 
difficult because of the blubber layer in some phocids, wal- 
rus (Odobenus rosmarus), and most cetaceans, but can be 
effective in sea otters and otariids. Prior to the development 
of the thick blubber layer, young pinnipeds, especially neo- 
nates, can also adequately absorb even lipophilic medications 
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delivered by this route, which avoids muscle trauma or necro- 
sis. Although subcutaneous administration of fluids is often 
avoided in cetaceans, experienced clinicians have successfully 
administered higher volumes of fluids to these animals by this 
route by ensuring that the fluids are given between the blub- 
ber and muscle layers (see Chapter 40). Long-acting depot 
injections using poloxamer gels or other long-acting formula- 
tions have been successful in treating localized infections via 
both subcutaneous and subconjunctival routes (Simeone et 
al. 2016, 2017). Abscesses have been reported in pinnipeds, 
in particular with long-acting drugs such as extended-release 
buprenorphine (Molter et al. 2015). 

Intramuscular (M) administration is frequently utilized 
in marine mammals that are difficult to restrain and are inap- 
petent. Be cautious and avoid superficial injection into the 
extensive subcutaneous blubber, which has dramatically dif- 
ferent vascularization and drug-partitioning properties than 
does muscle (Fowler 1995; Nielsen 1996). Accidental delivery 
into the blubber can result in failure to achieve any apprecia- 
ble systemic distribution of highly lipid-soluble medications. 
Certain drugs, such as diazepam, have inconsistent absorption 
via the IM route (Hung et al. 1996). The irritation caused by 
some injectable drugs is a local effect. This may be due to the 
irritating nature of the drug or the volume of injection. The 
recommended total volume injected per site does not increase 
in scale with the mass of the animal. Very large marine mam- 
mals may require large volumes of drug. The drug volume 
per injection site should be reasonable, and multiple injection 
sites may be necessary with larger volumes. Care should also 
be taken to have injection sites as dry as possible, free of any 
gross contamination prior to any injection, and always using 
sterile needles. This is particularly important when injecting 
anthelmintics and non-antibiotics of any kind. However, clini- 
cians should be aware that sterile or even infected abscesses 
can occur when injecting traditional antibiotics if care is not 
taken to avoid contaminating the needle. 

Many venipuncture approaches (IV) are nearly perpen- 
dicular to the blood vessel and quite deep, thus complicat- 
ing catheterization. Wire-reinforced epidural catheters can be 
used to catheterize the epidural sinus in phocids. Needles 
with side ports for directing a catheter at right angles can help 
avoid perivascular leakage of irritating drugs. Administration 
of IV drugs into the peri-arterial venous rete of the peduncle 
in a cetacean holds a risk of injection into the surrounding 
arteries, so IV medications should be diluted and administered 
slowly. Signs of nausea are reported with IV drug administra- 
tion and often resolve after slowing the rate of administration. 

Nonirritating drugs can often be delivered intraperitone- 
ally (IP). The difficulties of this route are generally related to 
the size of the patient and the availability of needles suitable 
to penetrate the abdominal wall. Placing a flexible catheter 
through a cannula for intraperitoneal administration mini- 
mizes the risk of accidental organ laceration with a rigid nee- 
dle. In species like otariids for which vascular access and 
IV catheter maintenance is a challenge, IP administration of 


medications like dextrose is a viable option, particularly dur- 
ing a medical crisis (Fravel et al. 2016). Sterility is of great 
importance to avoid introducing microorganisms into the 
peritoneal cavity. 

Intratracheal (T) and inhalation (H) administration of 
drugs have been employed in marine mammals, primarily for 
induction of anesthesia and targeted delivery of medications 
to the lungs (see Chapter 26). Nebulization and aerosoliza- 
tion can be used very effectively, either by holding a mask on 
a restrained animal or by placing it in a nebulization cham- 
ber, if drug delivery times are elongated to accommodate an 
animal’s tendency to hold its breath. The efficacy of aerosol 
absorption in the lungs depends largely on the particle or 
droplet size, and should be taken into consideration when 
choosing a drug and method for nebulization. 

The major challenge with topical administration in marine 
mammals is to achieve appropriate contact time for drug effi- 
cacy in an aquatic environment. Baths and dips are possible 
for some of the smaller species, and behavioral modifica- 
tion can augment dipping body parts into smaller contain- 
ers for large species. However, the most desirable application 
in some cases would be an ointment or salve that would 
remain in place; thus, ointments for marine mammals are 
often specially compounded. The use of human dental bases 
has had some success, but can be prohibitively expensive. 
Less expensive lipid bases such as lanolin and petroleum gels 
have been used with varying success. 


Dose Scaling 


Extrapolation of doses and pharmacokinetic parameters 
across species is often necessary, as pharmacological data 
for drugs in most species of marine mammal do not exist 
(Riviere 2011. Even for drugs that have been studied in 
marine mammals, sample sizes are often small, and consid- 
eration of covariates such as body weight, enzymatic com- 
position, and genetics is necessary to give a full picture of 
allometric relationships (Riviere 2011. Allometric equations 
usually compare parameters of interest (e.g., half-life, volume 
of distribution, clearance) to body weight (Riviere 201D, and 
a dizzying array of exponential equations can be found in 
the literature. Choosing which equation to use can be daunt- 
ing. The reader should be cautioned that not all drugs scale 
well by body mass, even when theoretical metabolic rates are 
figured into the equation (see Chapter 29). It is important to 
know the expected metabolism and excretion routes of the 
drug when making decisions on scaling a dose between spe- 
cies. Studies on species of phocids of different size suggest 
that effective doses based on body weight, rather than on 
a complex allometric equation, may not be that unreason- 
able for some drugs (Gulland et al. 2000; Barbosa et al. 2015; 
Boonstra et al. 2015). Table 27.1 shows the limited number 
of studies that have explored pharmacokinetic parameters for 
drugs in marine mammals. 
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Drug Interactions and Adverse Effects 


When new combinations are considered, it is best if there 
has been some experience with the drugs individually in the 
species. If not, the consideration should be made to admin- 
ister one drug at a time in an individual animal. It is not 
feasible to present a comprehensive list of all possible drug 
interactions in marine mammals in this chapter. The reader 
should be prepared for the possibility of any drug inter- 
action described in any species occurring. However, it is 
particularly important to be aware of some of the potential 
interactions of more commonly used medications. At pres- 
ent, little documentation exists concerning drug interactions 
in marine mammals, and the majority of these reports are 
intuitive from knowledge of terrestrial animal pharmacol- 
ogy. Texts on veterinary and human pharmacology should 
be consulted, and discussions with colleagues undertaken, 
when planning a mixed medication treatment for any marine 
mammal. 


Life-Threatening Adverse Reactions 


Several drugs have been associated with fatal reactions. 
While causation is difficult to prove in an isolated case, clini- 
cians should be aware that administration of certain drugs 
has been associated with potentially lethal effects in marine 
mammals. Additional severe reactions are discussed in the 
sections that follow. In the tables, these drugs are accompa- 
nied by the symbol: 


(<&): SEE TEXT—POTENTIAL LETHAL REACTIONS 


Trimethoprim-sulfadiazine, carprofen, cefovecin, and 
iohexol have been associated with sudden death within close 
temporal association of drug administration. Trimethoprim- 
sulfadiazine has been associated with anaphylaxis in a 
bottlenose dolphin (Wursiops truncatus), and fatal bone mar- 
row suppression and pancytopenia in bottlenose dolphins 
and a killer whale (Orcinus orca; SeaWorld Pharmacopeia). 
Additionally, a bottlenose dolphin died within 15 minutes 
of parenteral administration of carprofen (Martelli, unpubl. 
data). A white-beaked dolphin (Lagenorhyncus albirostris) 
died shortly after IM administration of cefovecin and had 
lesions consistent with shock on necropsy (Nollens, unpubl. 
data). This drug has been associated with anaphylaxis in ter- 
restrial species. A California sea lion experienced cardiore- 
spiratory arrest immediately following iohexol administration, 
and the death was attributed to iohexol (Dennison, Gulland, 
and Braselton 2010). 

Haloperidol has been associated with fatal neurolep- 
tic malignant seizures in a harbor seal (Phoca vitulina), 
walrus, and Pacific white-sided dolphin (Lagenorhynchus 
obliquidens; SeaWorld Pharmacopeia). Two fatalities in 
belugas (Delphinapterus leucas) occurred after intramus- 
cular administration of levamisole (Boehm, unpubl. data). 


Both whales were treated with levamisole; only one was 
treated concomitantly with ivermectin. Fatalities occur- 
ring in both animals strongly suggested that levamisole 
alone was the cause of the mortalities. Levamisole has also 
been associated with toxicity in sea otters (Kollias and 
Fernandez-Moran 2015). 

Several drugs that were listed in previous editions of this 
chapter have been associated with severe adverse effects in 
humans or other species, and may have been removed from 
markets in various countries. The doses remain on this list, 
so clinicians are aware that they have been used in marine 
mammals, but the authors strongly suggest that all drugs 
are researched prior to use, as this list is not exhaustive. 
Organophosphate toxicity has been reported with dichlor- 
vos use. Potent photosensitization effects have been reported 
with bithionol. Dihydrostreptomycin has been associated 
with ototoxicity in humans. Disophenol has a narrow safety 
range and has been associated with fatalities in humans. 
Thromboembolism has been reported with thiacetarcemide 
use. Hetacillin has been found to form formaldehyde in the 
gut in humans and has no documented benefit over ampicil- 
lin Gusko and Lewis 1973). 


Hepatic Effects 


Evaluation of a patient’s clinical response to therapy is vital 
throughout a course of therapy, to determine whether the 
treatment is having a therapeutic effect, and to ensure that 
no adverse effects are occurring. Several drugs have been 
associated with elevations in hepatic enzymes. In marine 
mammals, reversible elevations in transaminases have been 
reported with the azole antifungals, as well as ceftriaxone, 
florfenicol, and azithromycin (Dalton, Robeck, and Campbell 
1995; Reidarson and McBain 1995; Dalton and Robeck 1998; 
Romanov, Chelysheva, and Romanova 2011, Levine, unpubl. 
data). Azole antifungal use, in particular itraconazole, ketocon- 
azole, or fluconazole in bottlenose dolphins, has led to mild 
and reversible liver pathology and 2- to 25-fold increases in 
aspartate aminotransferase (AST), alanine transaminase (ALT), 
and lactate dehydrogenase (LDH) concentrations (Reidarson 
and McBain 1994; Reidarson et al. 1998). Itraconazole has also 
been associated with hypocholesterolemia in a pilot whale 
(Globicephala sp.; SeaWorld Pharmacopeia). 

Irreversible hepatotoxicity has been associated with 
voriconazole and ketoconazole in cetaceans (Schroeder 
1983; SeaWorld Pharmacopeia). Voriconazole, in particular, 
has the potential for severe hepatic, cardiac, and neurologi- 
cal effects. Frequent monitoring of drug peak and trough 
levels and hepatic enzymes is strongly recommended when 
administering these drugs, and dosing should be adjusted 
as needed. 

Flucytosine should be administered in a combination 
therapy with an azole to prevent resistance to flucytosine 
(Reidarson et al. 1999). Premature cessation of the azole may 
lead to flucytosine resistance (Poelma et al. 1974). Both drugs 
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should be administered beyond the elimination of infection, 
as determined by physical examination, cytology, cultures, 
radiology, and endoscopy (Reidarson et al. 1999). 


Renal Effects 


Several drugs have the potential to be directly nephro- 
toxic (gentamicin, amikacin, sulfonamides). Amikacin has 
been associated with renal tubular necrosis in a bottlenose 
dolphin (SeaWorld Pharmacopeia). Significant toxicity has 
been reported in sea otters with gentamicin in particular, 
particularly with repeated doses. Acute renal failure has 
been reported with amphotericin B and liposomal nystatin 
in a bottlenose dolphin and Pacific white-sided dolphin 
(Robeck and Dalton 2002). Some drugs, such as nonsteroi- 
dal anti-inflammatory drugs (NSAIDs), may cause hemo- 
dynamically mediated renal impairment and should be 
used cautiously in dehydrated patients or those with renal 
dysfunction. 

Other drugs whose primary route of excretion is through 
the urinary tract, such as most cephalosporins or flucon- 
azole, should be used with caution in patients with renal 
compromise or dehydration, as clearance in the urine may 
be reduced and dose may need to be adjusted. Platelet dys- 
function and CNS signs have been noted with use of ticarcil- 
lin in humans with concurrent renal disease due to reduced 
drug clearance. Cephalosporins and aminoglycosides are fre- 
quently administered to marine mammals. Clinicians should 
be aware that concurrent administration of aminoglyco- 
sides and cephalosporins increases the risk of renal toxicity 
because the renal effects of these drug groups are additive. 
Concurrent administration of aminoglycosides and flunixin 
meglumine has also been linked to renal papillary necrosis 
in a pilot whale (McBain, pers. comm.). Aminoglycosides 
and flunixin meglumine may be contraindicated in cases 
of toxemia because they both have antiprostaglandin activ- 
ity. The nephrotoxicity of gentamicin, as well as of cepha- 
losporins, is also exacerbated with concurrent furosemide 
administration. Additionally, furosemide diuresis results in 
increased renal loss of thiamine and pyridoxine, which can 
be important in situations where nutrition or oral supple- 
mentation is marginal. Administration of aminoglycosides, 
such as amikacin, in a single daily dose increases bacteri- 
cidal activity and post-antibiotic effect, allows more rapid 
attainment of high serum concentrations, and decreases risk 
of nephrotoxicity compared with administering multiple 
lower doses each day (Townsend, Materese, and Sips 1996; 
Riviere 201). 

Leptospirosis causes acute renal failure and therapy typi- 
cally includes antibiotics in the penicillin and tetracycline 
families. A study in California sea lions showed that although 
clinical evidence of renal failure resolved, leptospiruria per- 
sisted after treatment with penicillin, amoxicillin, doxycy- 
cline, or oxytetracycline (Prager et al. 2015). Longer courses 
of therapy may be required to clear carriers. 


The increased potassium loss in the urine caused by furo- 
semide administration may be exacerbated by concurrent ste- 
roid administration. This is particularly a problem if sodium 
intake is high, as is often the case in marine mammals being 
fed with supplemental salt in the diet. If a diuretic is indicated 
in a marine mammal receiving steroid therapy, alternatives to 
furosemide should be considered. 


Gastrointestinal Effects 


Gastrointestinal (GD effects are exceedingly common, pat- 
ticularly with oral drug administration. Anorexia and GI dis- 
comfort are most commonly reported with antibiotic use. 
Aminoglycosides, cephalosporins, fluoroquinolones, mac- 
rolides, penicillins, sulfonamides, and tetracyclines have 
reported GI effects in marine mammals (Sweeney 1986a; 
SeaWorld Pharmacopeia; TMMC Pharmacopeia). Azole anti- 
fungals are frequently associated with GI upset and inappe- 
tence, and aminophylline and leuprolide have similar reports. 
Fluconazole is considered less likely to cause inappetence 
than ketoconazole or itraconazole, when administered to bot- 
tlenose dolphins (Reidarson et al. 1999). If inappetence occurs 
as a result of itraconazole administration, appetite may return 
by reducing the dose. Some clinicians advocate concomitant 
administration of prednisolone with ketoconazole to reduce 
the impact of inappetence. 

Constipation has been noted in both cetaceans and pin- 
nipeds with ferrous sulfate, sucralfate, and tramadol use, 
and diarrhea has been noted during treatment with tylo- 
sin (Thurman and Windsor 1984; SeaWorld Pharmacopeia; 
TMMC Pharmacopeia). In addition to GI discomfort, a range 
of GI signs from ulcers to gastritis and enteritis are reported 
with aspirin, steroids, and NSAIDs. As with terrestrial spe- 
cies, steroids and NSAIDs should not be combined, and they 
have been associated with fatal perforation of the connecting 
channel in several cetaceans (Van Bonn 2002). 

Clinicians may utilize drugs that have secondary effects 
on the GI tract, and must be aware of the potential for adverse 
effects. For instance, prostaglandin F, alpha works on the 
smooth muscle of the uterus, but has GI, musculoskeletal, 
and cardiac effects, in addition to its intended target. 


Nervous System Effects 


Transient neurologic signs have been reported in odontoce- 
tes with ivermectin use (Townsend 1999). Tremors have been 
noted with ivermectin in Guadalupe fur seals (Arctocephalus 
townsendii, TMMC Pharmacopeia). Seizures and visual defi- 
cits were noted in a California sea lion receiving voricon- 
azole, which was also associated with hepatotoxicity (Field, 
Tuttle, and Sidor 2012). Enrofloxacin administration has also 
been associated with neurologic signs and muscle fascicu- 
lations in bottlenose dolphins and rough-toothed dolphins 
(Steno bredanensis; SeaWorld Pharmacopeia; Staggs, unpubl. 
data). Tremors of the flukes have been noted with chronic 
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parenteral amikacin therapy in bottlenose dolphins, killer 
whales, and belugas (SeaWorld Pharmacopeia). The etiology 
of this effect is unknown. 


Dermal Effects 


Hypersensitivity reactions characterized by ulcerations of 
the mucocutaneous junctions have been reported with 
trimethoprim-sulfadiazine use in a beluga (Schmitt, Nollens, 
and McBain 2013). Minocycline has been associated with 
hyperpigmentation in a killer whale (SeaWorld Pharmacopeia). 
Enrofloxacin has been reported to be associated with pho- 
tosensitivity in bottlenose dolphins for 4-8 weeks following 
cessation of treatment (Levine, unpubl. data). While photosen- 
sitization has not been reported with bithionol use in marine 
mammals, the drug has potent photosensitization effects in 
humans. 


Otic Effects 


Amikacin has been reported to cause hearing loss in belugas, 
and it is known to be toxic to cochlear hair cells (Finneran 
et al. 2005). Furosemide may also increase the ototoxicity 
of gentamicin. Ototoxicity has not been reported in marine 
mammals, but dihydrostreptomycin has been associated with 
ototoxicity in humans. 


Hematologic Effects 


A variety of adverse effects have been noted with sulfon- 
amide use in cetaceans. In addition to the dermal and GI 
effects noted above, hematologic effects have also been 
reported. A moderate reaction is characterized by neutro- 
philia (Cornell 1978). A severe reaction noted in belugas, 
killer whales, and bottlenose dolphins includes both neu- 
tropenia and thrombocytopenia (SeaWorld Pharmacopeia). 
Anemia and leukopenia have been noted with linezolid in 
combination with sulfonamides in a killer whale (SeaWorld 
Pharmacopeia). The exceptionally long half-life of some sul- 
fonamides in cetaceans is likely a contributing factor in pro- 
ducing adverse reactions. Sulfamethoxazole was found to 
have a half-life of 5.3 to 7.2 days in killer whales (McBain 
1984). This extremely long half-life has not been noted 
with other sulfa drugs, but the possibility that other sulfas 
may also have prolonged excretion times must be consid- 
ered. Trimethoprim-sulfamethoxazole has been associated 
with severe bone marrow suppression and death in sev- 
eral cetaceans (SeaWorld Pharmacopeia). Most of the cases 
of adverse reactions to sulfas have occurred with sulfa- 
trimethoprim combination drugs. Though the mechanisms 
of these reactions are not well studied, many clinicians sus- 
pect sulfa drugs to be the culprits when reactions occur. 
Folic acid should be administered to any cetaceans receiving 


sulfa-trimethoprim combination drugs to mitigate the risk of 
a drug-induced deficiency of the vitamin. 

Ferrous sulfate can be used to treat severe anemia or 
low serum iron, or when hand-raising a neonate cetacean. 
Clinicians should monitor for iron overload during therapy 
(Staggs and Townsend, pers. comm.; see Chapter 40). 


Musculoskeletal Effects 


Certain drugs, including ceftriaxone, ceftiofur, imipenem, leup- 
rolide, and ondansetron, are associated with pain and irritation 
at the site of injection (Calle et al. 1997, 1999; Townsend 1999; 
SeaWorld Pharmacopeia; TMMC Pharmacopeia). Abscesses 
have been reported with IM ampicillin/sulbactam, ceftiofur, 
enrofloxacin, and praziquantel use in pinnipeds, and mus- 
cle necrosis has been associated with tetracycline and enro- 
floxacin injections in sea otters (Gobush, Baker, and Gulland 
2011; Innis, unpubl. data; Monterey Bay Pharmacopeia; TMMC 
Pharmacopeia). Florfenicol has been shown to cause an 
increase in aspartate transaminase (AST) and lactate dehydro- 
genase (LDH) due to muscle trauma at injection sites in bottle- 
nose dolphins and belugas (Dalton and Robeck 1998). 

Fluoroquinolones have been reported to cause cartilage 
damage in weight-bearing joints of young, rapidly growing 
animals (Burkhardt, Hill, and Carlton, 1990; Burkhardt 1996, 
Burkhardt, Walterspiel, and Schaad 1997; Yoshida et al. 1998). 
Fluoroquinolones inhibit cell proliferation and induce mor- 
phological changes in tendon cells (Yoon et al. 2004). The 
clinical responses of marine mammals to fluoroquinolone 
treatments have often been favorable, so they are often the 
broad-spectrum antibiotic of choice for many experienced cli- 
nicians in treating neonatal marine mammals suffering from 
severe infections of unknown origin. However, it is still wise 
to use caution when administering fluoroquinolones to juve- 
nile marine mammals, and these patients should be carefully 
monitored for any signs that might be attributable to joint 
pain. 


Antiulcer Medications 


The use of antacids, histamine receptor (H2) blockers, 
proton-pump inhibitors, and gastroprotectants in the treat- 
ment of gastric ulcers is routine. Several important drug 
interactions can be expected with concurrent use of these 
compounds, based on knowledge gained in human medicine. 
Simultaneous administration of antacids with H2 blockers 
will significantly decrease the absorption and effectiveness of 
these drugs. To avoid this complication, administering either 
antacids or H2 blockers at least 1 hour prior to the other 
will allow adequate absorption. The use of antacids may alter 
stomach pH, to the point that requirements for dissolution 
and subsequent absorption of drugs are not met. To maximize 
absorption, steroids, azoles, tetracyclines, and iron should be 
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administered at least 2 to 3 hours before or after administra- 
tion of antiulcer medications. Antacids with di- and trivalent 
cations also decrease the absorption of oral steroids, such as 
prednisolone and dexamethasone. In fact, the presence of 
multivalent cations such as calcium, magnesium, iron, and 
zinc from either other medications or ingesta in the stomach 
can decrease absorption of tetracyclines, fluoroquinolones, 
and sulfonamides. 

McBain (1985) has documented a negative impact of 
cimetidine on absorption of tetracycline from the stomach in 
killer whales. Either these two drugs should be administered 
concurrently or the tetracycline should be administered first. 
Cimetidine and ranitidine can also impair metabolism of cer- 
tain drugs such as benzodiazepines in terrestrial mammals by 
inhibiting the cytochrome P450 pathway. Famotidine does not 
inhibit this pathway. 

A common problem encountered in cetaceans admin- 
istered antiulcer medications is vomiting, when the gastric 
pH becomes too high to demineralize and digest fish bones. 
These bones can be seen in the vomitus or via endoscopy. 
Prolonged administration (G.e., for weeks) of these medica- 
tions in pinnipeds can also cause an impaction of fish bones 
within the stomach. Changes in pH are more pronounced 
with proton pump inhibitors than antacids or H2 blockers. 
Normally, the acidic pH of the stomach will demineralize and 
digest fish bones within 30 minutes. During antiulcer therapy, 
the stomach should be frequently assessed as is feasible by 
closely monitoring gastric pH and motility. In addition, a nec- 
rotizing dermatitis of unknown etiology has been observed 
in several bottlenose dolphins receiving ranitidine (SeaWorld 
Pharmacopeia). 

Sucralfate is a commonly administered gastroprotectant in 
marine mammals. It may decrease absorption of other drugs 
if given concurrently and may be inactivated by tetracyclines. 
Administration should be separated for these drugs. 


Steroids 


Steroid administration can have complex metabolic effects 
on marine mammals, particularly on electrolyte balance. 
Dexamethasone or prednisolone administration reduces cal- 
cium and phosphate absorption and increases urinary output 
of calcium and potassium in terrestrial animals. Prolonged 
therapy could predispose an animal to hypocalcemia. 
Steroids also increase circulating serum glucose, triglycer- 
ide, and cholesterol concentrations. Dexamethasone admin- 
istration in bottlenose dolphins can cause neutrophilia, 
lymphopenia, eosinopenia, elevated insulin, depressed 
ACTH and cortisol concentrations, and enhanced appetite 
(Reidarson and McBain 1999). These changes in hematology 
and serum chemistry may return to normal upon cessation 
of steroid therapy. Supplemental vitamin D, folate, ascorbic 
acid, and pyridoxine may be appropriate during prolonged 


steroid administration, because serum content of these vita- 
mins can be depleted. When administered in close tempo- 
ral association with NSAIDs, steroids have been associated 
with fatal perforation of the connecting chamber in several 
cetaceans (Van Bonn 2002). Gradual reduction in steroids is 
recommended to allow the adrenal gland to resume normal 
function. 

Rifampin stimulates microsomal enzymes that are 
involved in the metabolism of steroids. Therefore, admin- 
istration with oral or parenteral steroids may prevent the 
effects of steroids. This inhibition of steroid action through 
increased metabolic inactivation can have long-lasting effects, 
even after discontinuation of rifampin therapy. Rifampin 
administration enhances the elimination of both exogenous 
and endogenous steroids, compromising the ability of an 
animal to maintain metabolic homeostasis. Rifampin has also 
been documented to cause an idiopathic thrombocyte dys- 
function that can result in prolonged bleeding times (Marcus 
1982; Stoskopf et al. 1987). Rifampin turns the urine a red- 
orange color in dolphins. This should not be misinterpreted 
as hematuria. 

Although estrogen therapy is not common in marine 
mammals, the seasonal or iatrogenically induced cycling 
of females should be considered when evaluating ste- 
roid therapy. High estrogen levels will increase the anti- 
inflammatory effects of steroids by approximately 20-fold 
(Hansten 1985). Corticosteroids will not be metabolized 
properly in animals undergoing estrogen therapy (Hansten 
1985). Megestrol acetate administration has been associ- 
ated with adrenal cortical dysfunction in bottlenose dol- 
phins. The effect is prominent at dosages as low as 10 mg 
(Houser et al. 2017). 


Drug Dosages 


Some published drug dosages, and dosages from institu- 
tional pharmacopeias, are listed in Tables 27.2 through 
27.6. When reading these tables, it is important to remem- 
ber that these drugs have only been used in a limited num- 
ber of individuals and have not been exhaustively tested for 
efficacy or potential side effects. The column describing the 
number of animals treated was added primarily to highlight 
that for many published reports, the dosage listed was used 
in a single animal. Use of the world “multiple” was employed 
to share that the dosage had been used in more than a few 
animals, although the total number is unknown, and varies 
by drug. Drugs listed in previous editions such as diphenyl- 
hydantoin and primidone, which have largely been replaced 
by phenobarbital and newer anticonvulsants, remain in the 
tables to guide clinicians around the world that may have 
different access to pharmaceuticals. The tables are compiled 
so that readers have easy access to existing information 
used by practitioners. 
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Introduction 


Euthanasia is the process of “ending the life of an individual 
animal in a way that minimizes or eliminates pain and dis- 
tress” (Leary et al. 2013). Electing euthanasia can be among 
the most difficult decisions anyone with responsibility for an 
animal’s welfare can face. Although not exclusively a veteri- 
nary responsibility, the principles of the veterinarian’s oath 
come into play, in particular the “relief of animal suffering” 
(American Veterinary Medical Association [AVMA] 2017) 
when cure or rescue is not possible. As applied to marine 
mammals, and particularly for large cetaceans, euthana- 
sia is also a technically challenging and potentially hazard- 
ous undertaking. Veterinarians, marine mammal biologists, 
stranding network responders, keepers, and curators may 
be faced with the decision of whether or not to euthanize 
a marine mammal as a humane act to end its suffering. In 
reaching a decision to euthanize, one must determine that 
the animal is suffering with negligible chance of recovery or 
successful rescue; that euthanasia can be carried out safely 
for personnel; that the necessary equipment, materials, and 
technical skills are available to complete euthanasia success- 
fully; that scavengers and the environment will not be put at 
risk as a result; and that caretaker and public concerns have 
been taken into account and addressed to the fullest extent 
possible. This chapter reviews euthanasia methods in marine 
mammals, so that informed decisions on techniques can be 
made, after treatment, direct rescue, or rescue and rehabil- 
itation have been ruled out as viable options. The unique 
challenges of cetacean euthanasia are given special attention. 
Also included is information on carcass disposal and avoid- 
ance of relay toxicity. 

Greer et al. (2001) gave a sound examination of marine 
mammal euthanasia issues and methods. Since that time, 
however, several developments have advanced the practice 
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of marine mammal euthanasia. The American Veterinary 
Medical Association Guidelines for the Euthanasia of Animals 
have been updated and expanded with additional informa- 
tion on euthanasia situations outside of the clinic or labora- 
tory, including marine mammals in stranding or human care 
settings (Leary et al. 2013). US marine mammal stranding 
networks have been surveyed for their euthanasia practices, 
and subject matter experts convened at a workshop for col- 
laborative development of recommendations for euthanasia 
of stranded cetaceans with results published in a technical 
memorandum (Barco et al. 2016). The International Whaling 
Commission has held two workshops involving cetacean 
euthanasia (WC 2010, 2014). Fisheries and Oceans Canada 
has produced recommendations on cetacean euthanasia 
(Daoust and Ortenburger 2015). 

Advances in anesthetic protocols that can be adapted 
for pre-euthanasia sedation and analgesia have been made 
across multiple taxa (see Chapter 26), including even at- 
sea sedation of right whales (Eubalaena glacialis) for dis- 
entanglement (Moore et al. 2010). Plus, additional works on 
physical (Coughran, Stiles, and Mawson 2012; Hampton et al. 
2014b) and chemical (Daoust and Ortenburger 2001; Dunn 
2006; Kolesnikovas et al. 2012; Harms et al. 2014) euthanasia 
of cetaceans have been published. 


General Considerations 


Human safety must be the top priority in any marine mam- 
mal euthanasia situation (Barco et al. 2016). It is easy to 
get caught up in the event and overlook safety concerns. 
Having a designated safety officer overlooking the entire 
team and scene is advisable, as is first aid, CPR, or more 
advanced emergency medical training within the team. 
Potential hazards include bites, drowning, blunt or crush- 
ing trauma from flukes or pectoral fins, foot or leg entrap- 
ment under a large animal, zoonotic disease, drug exposure 
(e.g., ultrapotent opioids), sticks from needles (particularly 
from needles attached to pressurized loaded syringes and 
larger bore than those typically used), ballistics or explo- 
sives (see physical methods of euthanasia, below), exhaus- 
tion, hyperthermia, and hypothermia. Working close to a 
live cetacean in the surf is not recommended, especially 
in water greater than knee deep, in part because of the 
tendency for a deeper trough to form around and under 
the animal and the potential for it to roll and cause entrap- 
ment. The least hazardous time to work close to a stranded 
cetacean is at low tide during daylight hours, which can 
impose a narrow window of time for safe access, and is 
an important operational constraint for all parties to recog- 
nize. Flukes of a large cetacean are a particular danger for 
injury or death. Use of personal protective equipment (PPE; 
e.g., gloves, wet suits, close-toed footwear) and a means to 
clean and disinfect hands (e.g., hand wipes, hand sanitizer) 


are recommended. Using Luer lock rather than Luer taper 
syringes reduces the chance of drug exposure from spray 
if a needle detaches or a hub breaks while under pressure 
during injection. 

The basis for considering euthanasia of any animal 
arises when its welfare is so negatively affected that death is 
assessed as preferable to continued existence. Animal welfare 
has been described as having three components: the animal 
functions well, feels well, and can perform innate behav- 
iors and species-specific adaptations (Leary et al. 2013). If 
these three components of welfare are missing and cannot be 
restored by treatment, rescue, or rehabilitation, then eutha- 
nasia is an appropriate option. Rescue and euthanasia are 
not the only options, however. Nature has taken its course 
for eons before humans ever intervened in a positive man- 
ner for marine mammals in distress, and allowing them to 
expire naturally can be reasonably argued. It may be the only 
reasonable alternative if intervention cannot be performed 
safely or effectively. Because a stranded animal may survive 
and suffer for days before succumbing, however (Daoust 
and Ortenburger 2001; Kolesnikovas et al. 2012; Harms et al. 
2014), humane impulses typically motivate efforts to end the 
animal's suffering. The suffering can result from endogenous 
factors, such as system and organ breakdown, in addition to 
exogenous factors, such as bird damage to eyes, orifices, and 
epidermal and dermal tissues. 

Because of constraints on situational control when deal- 
ing with wildlife, including in some marine mammal strand- 
ing circumstances, it is recognized that the quickest and most 
humane actions may not meet all criteria for euthanasia but 
may be preferable to the alternatives G.e., humane killing; 
Leary et al. 2013). Minimizing pain and suffering to the great- 
est extent possible by the best available means must be the 
priority in all cases, however. 

Avoid ill-advised rescue attempts that increase distress 
and pain without altering the outcome. This is a major chal- 
lenge, especially when simply returning the animal to the 
water is sometimes mistakenly perceived as a success. While 
some strandings are truly accidental (e.g., large tidal flux in 
a feeding area, bottom conditions that confuse echolocation, 
etc.), or involve a mix of healthy and unhealthy animals in 
a mass stranding, most single cetacean strandings involve 
some form of serious injury or illness. These conditions will 
not be resolved by refloating the animal and may simply 
result in the animal restranding elsewhere or dying unob- 
served at sea. Conversely, some pinnipeds just need a place 
to haul out and rest undisturbed before returning to the 
water of their own volition. Putative rescue methods that can 
inflict permanent debilitating and ultimately fatal injuries, 
such as attempting to haul large whales by the flukes, should 
especially be avoided. Although no comprehensive review 
of large whale rescue assessments and outcomes exist, to 
our knowledge, there are anecdotal reports of whales roll- 
ing into trenches being dug for their attempted rescue and 
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having the blowhole submerged, suffocating when weight 
is concentrated on the sternum during trench digging, and 
swimming away entangled in rescue line once freed from 
a shoal (see Moore [2014], for discussion of severe welfare 
impacts of entanglement). 


Supportive Care and Hospice 


Whether or not a stranded marine mammal will ultimately be 
rescued, euthanized, or die on its own, basic supportive care 
should be instituted as soon as safely practical. The goals of 
such measures prior to rescue are to avoid further injury and 
minimize physiologic deterioration that would eventually make 
death inevitable, even if the animal were freed from its stranding 
situation, while the goals prior to death are to keep the animal 
as comfortable as possible and ease its passing. The latter quali- 
fies as a form of basic hospice care, a concept that has emerged 
recently in zoological medicine settings (Jessup and Scott 
2011). Components of supportive or hospice care for a stranded 
marine mammal include the following: ensuring that breath- 
ing is unimpeded by water, sand, and debris; protecting from 
scavengers, making appropriate postural changes if possible 
(upright in sternal recumbency, fins and flukes in anatomically 
neutral positions); providing shade or other sun protection (e.g., 
tarp, canopy, wet towels or sheets, or zinc oxide); assisting tem- 
perature regulation; and minimizing handling and disturbance 
(2005). Scavengers do not wait for a defenseless stranded animal 
to expire before taking advantage of a fresh source of food, and 
can inflict extensive damage to skin and eyes. Abnormal forces 
on malpositioned pectoral fins or flukes could cause joint pain to 
the point of dislocation. Excessive sun exposure can cause blis- 
tering equivalent to second-degree burns over all exposed body 
surfaces, with associated pain and fluid loss as blisters rupture. 
Hyperthermia is more commonly a problem than hypothermia 
for a marine mammal removed from the aquatic environment, 
where thermoregulatory mechanisms function best, but either 
can occur, depending on species, body condition, and ambient 
conditions. Hyperthermia can be prevented by providing shade 
or by dousing with water, especially the flukes and fins. 

Medications for relieving anxiety and pain as a com- 
ponent of hospice may be more readily applied for ani- 
mals under human care in managed environments than in 
stranding circumstances. In particular, for larger marine 
mammals though, the effective drug quantities and dura- 
tion of treatments required while an animal expires nat- 
urally over the course of days can both rapidly deplete 
inventory and compromise the ability to euthanize the 
animal later, and/or cope with additional stranded ani- 
mals that may appear concurrently or shortly thereafter. In 
some situations, when an animal is severely debilitated and 
already close to death, sedatives and analgesics may suf- 
fice, without the need to institute other physical or chemi- 
cal euthanasia methods. 


Stranded Animals 


A cetacean or manatee (Jrichechus sp.) is considered stranded 
when it is found dead or live on land, is found in shallow 
water or otherwise out of normal habitat and unable to return 
to deeper water or normal habitat, or is in need of medical 
attention. Other marine mammals that normally spend periods 
of their lives on land, such as pinnipeds, sea otters (Enhydra 
lutris), and polar bears (Ursus maritimus), are considered 
stranded when found dead or live, hauled out onshore, and 
unable to return to the water, or in need of medical atten- 
tion (see Chapter 1). Many marine mammals are considered 
protected species around the world. When a stranded marine 
mammal is found alive, the responsible government agency 
(e.g., National Marine Fisheries Service for US cetaceans and 
pinnipeds; US Fish and Wildlife Service for US manatees, sea 
otters, and polar bears; Department of Conservation in New 
Zealand, Department of Environment and Conservation in 
Western Australia) or authorized stranding network personnel 
must be notified. The complex decision of whether the animal 
should be rehabilitated or euthanized rests with the governing 
agency and its designated representatives, its stranding net- 
work personnel. 

All stranded marine mammals must be given a physical 
examination to guide the initial assessment. Examination 
findings that may indicate euthanasia include the following: 
serious disabling locomotor injuries such as vertebral frac- 
tures or dislocations (Figure 28.1); wounds that involve a 
large percentage of surface area or that have full penetra- 
tion into the thoracic or abdominal body cavity; blistering 
and scavenger damage to a large percentage of surface area 
(Figure 28.2) or critical areas such as eyes and blowhole; 
significant hemorrhage from the anus, genital opening, 
blowhole, or mouth; loss of reflexes at the anus, genital 
opening, blowhole, tongue, eyelids, or eyes; other signs 
of neurological abnormalities; marked prolonged hypother- 
mia or hyperthermia with core body temperatures <95°F 
or >104°F («35°C or >40°C), respectively; and extended 
length of time beached (over 12-48 hours, depending on 
degree of decompensation and further injury in the course 
of stranding; Needham 1993; Geraci and Lounsbury 2005). 

The longer a purely aquatic marine mammal remains 
stranded, the poorer its chances for survival, even if it was 
otherwise healthy at the time of stranding. Besides the poten- 
tial of sustaining physical injury from surf, substrate, sunburn, 
and scavengers, physiological deterioration proceeds rap- 
idly through several interrelated stress and shock pathways 
(Geraci and Lounsbury 2005) in a time-, size- and exposure- 
dependent manner. Thermoregulation is compromised out of 
water, commonly leading to hyperthermia. Dehydration con- 
tributes to hypovolemia and electrolyte imbalances. Outside of 
the buoyant support of water, gravitational forces exert inexo- 
rable forces on the heart and lungs, leading to cardiopulmo- 
nary insufficiency and collapse. Major portions of the lungs of 
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Figure 28.1 3-D volume rendering of CT 
scan of caudal spine from a stranded, eutha- 
nized 2-year-old right whale, illustrating scolio- 
sis and dystrophic mineralization (case #1, 
Harms et al. 2014). This whale had been pre- 
viously observed with an entanglement of the 
flukes and peduncle, shed prior to stranding 
but with scars remaining. Vertebral instability 
resulting from the entanglement is thought to 
have led to the deformity and degenerative 
changes, compromising locomotion and likely 
inciting pain with every fluke stroke. (CT scan 
by D. R. Ketten and S. Dennison, Woods Hole 
Oceanographic Institution, Computerized 
Scanning and Imaging Facility, copyright D. 
R. Ketten, used with permission; 3-D volume 
rendering in Horus by C. A. Harms.) 
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Figure 28.2 Ruptured blisters and skin peeling from sun exposure, and 
scavenger damage from gulls and crabs, in a live-stranded right whale 
(case #1, Harms et al. 2014). This represents the functional equiva- 

lent of second-degree burns over approximately 80% of the exposed 
body surface. 


live-stranded large whales become consolidated or atelectatic, 
with no gas exchange except in the upper regions. The sheer 
effort of lifting the thorax to breathe can exhaust a large ceta- 
cean. Catecholamine (e.g., epinephrine) and glucocorticoid 
(e.g., cortisol) release into circulation in response to stranding 
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contributes to electrolyte abnormalities, myocardial damage, 
and shock, with reduced perfusion of peripheral tissues and 
major organs. Rhabdomyolysis from exertion attempting to 
escape the stranding situation, weight on dependent muscle 
masses, and trauma from surf result in myoglobinemia, which 
can contribute to renal failure and hyperkalemia, which can 
add to cardiac irregularities and arrest. The larger the animal 
and the less buoyant support it has through the tidal cycle, 
the more rapidly it will decompensate, with evidence of shock 
appearing in as little as a few hours. Although a stranded 
animal may reach the point of nonrecovery in 12-36 hours, 
it may still take several days to die on its own. Self-rescue 
can occur on the next high tide after the initial stranding, or 
on the second high tide, if the tides are markedly bimodal. 
For a large whale, self-rescue may represent the animal’s best 
chance, considering the time necessary to mount an appropri- 
ate response. It is also well worth affording the animal the 
opportunity for self-rescue if there is any question about its 
condition, and particularly if immediate rescue is not feasible. 
Beyond three or four high tides after stranding, odds for either 
successful assisted rescue or self-rescue diminish rapidly. 
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The stranding location and logistics of humanely and 
safely transporting the animal to a rehabilitation center 
or back into deep water may also factor into a euthana- 
sia decision. These constraints can yield unsatisfying, but 
unavoidable, results when dealing with an animal that might 
otherwise have been rescued, were it not for such factors 
as severe weather, rough seas, or lack of vehicle or heavy 
equipment access. 

A thorough record of the animal’s condition before 
euthanasia is essential adjunct information to necropsy 
reports. Each stranding must be considered as a unique 
event, and complete biological, medical, and environmental 
data should be obtained. Because many strandings are of 
public and media interest, thorough and careful commu- 
nication of the animal’s condition and reason for euthana- 
sia should be made to the stranding volunteers and public 
as soon as solid information is available. Close emotional 
identification with a stranded marine mammal can occur 
rapidly, and these emotional ties deepen with close proxim- 
ity and with time. Some stranding response organizations 
prefer to remove an animal from the beach and from public 
view prior to euthanasia. Visual barriers have been recom- 
mended when euthanasia is carried out on site (Geraci and 
Lounsbury 2005). While these practices may well have merit 
in some cases to spare the public from emotionally disturb- 
ing sights, in an era of ubiquitous smartphone photographs 
and videos, and where drones can readily be deployed for 
live-streaming from many angles, any action perceived as 
a cover-up may well be more negatively received than a 
well-explained humane procedure, despite the undeniably 
difficult sight of an animal’s demise. 


Animals under Human Care 


Marine mammals kept in managed environments, such as 
zoos and aquariums, often have greater access to veteri- 
nary care during their lifetimes. Because these animals are 
usually intensively managed, an intimate relationship often 
develops between the animal and its caregivers, visitors to 
the facility, and virtual visitors through social media. The 
decision to euthanize a charismatic marine mammal, par- 
ticularly one in a display facility, is subject to public scrutiny. 
It is recommended that an open and positive relationship 
be established with everyone involved, including the media 
in multiple formats, at the onset of an illness. Thorough 
communication from the veterinarian explaining the extent 
of an illness, the differential diagnosis, and the perceived 
quality of life for the animal is usually well received, regard- 
less of views on maintaining particular marine mammal 
species in managed environments. Such efforts should help 
preserve positive feelings and minimize the development of 
negative feelings that might arise when a popular animal is 
euthanized. 


Methods of Euthanasia 


There are three basic mechanisms by which euthanasia meth- 
ods cause death: (1) depression of neurons vital for life (e.g., 
typically by overdose with chemical anesthetics); (2) hypoxia, 
by either direct physical means (e.g., decapitation [not appli- 
cable to marine mammals]) or indirect means (e.g., paralytics); 
and (3) physical disruption of brain activity and destruction 
of neurons vital for life (e.g., captive bolt, ballistics, implo- 
sion; Leary et al. 2013). Euthanasia methods should result in 
loss of consciousness prior to loss of muscle movement, car- 
diac or respiratory arrest, and/or brain function. There are 
many methods applicable to accomplish these ends in vari- 
ous species. Marine mammals present unique circumstances, 
however, and techniques effective and appropriate in one cir- 
cumstance may not be so in another. The available methods 
can be broadly classified as chemical (inhalant or injectable 
agents) or physical means, the relative advantages and dis- 
advantages of which are considered in greater detail below. 

Although many methods will accomplish death, only a 
few are considered acceptable by published guidelines (Close, 
Banister, and Baumans 1996; Leary et al. 2013). In the 2013 
AVMA Guidelines for the Euthanasia of Animals (Leary et al. 
2013), a panel of experts evaluated and updated methods of 
euthanasia to determine humaneness and acceptability. The 
panel used the following criteria: 


1. Ability to induce loss of consciousness and death 
with a minimum of pain and distress 
. Time required to induce unconsciousness 
. Reliability 
. Safety of personnel 
. Irreversibility 
. Compatibility with intended animal use and purpose 
. Documented emotional effect on observers or opera- 
tors (minimizing such effects) 
8. Compatibility with subsequent evaluation, examina- 
tion, or use of tissue 
9. Drug availability and human abuse potential 
10. Compatibility with species, age, and health status 
11. Ability to maintain equipment in proper working 
order 
12. Safety for predators or scavengers should the animal's 
remains be consumed 
13. Legal requirements 
14. Environmental impacts of the method or disposition 
of the animal’s remains 
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Although earlier editions of the guidelines were devel- 
oped primarily with domestic animals in mind, the recent 
edition has expanded sections on nondomestic species and 
free-ranging situations. All of these criteria should be con- 
sidered when electing euthanasia of a marine mammal. The 
guidelines recognize that in some free-ranging wildlife situ- 
ations, including marine mammals, it may not be possible to 
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meet all criteria, with the most humane option regressing to 
humane killing versus euthanasia. Humane killing is defined 
as “killing performed in a manner that minimizes animal dis- 
tress, but may not meet the requirements of euthanasia due 
to situational constraints” (Leary et al. 2013). This recognition 
does not condone a lower standard, however. Minimizing 
pain and distress to the greatest extent possible by the best 
means available under the circumstances at hand must be the 
goal in all cases. 

A humane death is described as one that minimizes 
pain, distress, and anxiety prior to loss of consciousness, and 
results in rapid unconsciousness followed by cardiac or respi- 
ratory arrest (Leary et al. 2013). Methods that do not create 
unconsciousness first (e.g., paralytics, KCl, MgCl,, hypother- 
mia, cyanide, strychnine) are not considered humane to use 
alone for euthanasia in a conscious animal. Acceptable meth- 
ods, as classified by the AVMA panel, are those that can be 
used alone in a conscious animal. However, if an animal is 
properly sedated to a level of unconsciousness, any method 
of euthanasia is considered humane (ie., acceptable with 
conditions). Based on the following discussion of the various 
methods available for euthanasia, the veterinarian, animal 
care personnel, and stranding responder can make informed 
decisions on the most appropriate methods to euthanize an 
animal in various situations. 


Chemical Methods 


Injectable Agents Injectable agents are considered among 
the most rapid, reliable, and desirable means of euthanasia 
available (Leary et al. 2013). They have the added advantage 
of social acceptability by virtue of familiarity with euthanasia 
procedures that many people have experienced with their 
pets. Even when pre-euthanasia sedation and analgesia steps 
are required prior to administering a euthanasia drug, which 
slows the process somewhat, each additional step incremen- 
tally reduces pain and suffering. Potential disadvantages as 
applied to marine mammal euthanasia situations occasion- 
ally may include a need for physical or chemical restraint 
prior to administration, use of large volumes and expense for 
large animals, difficult vascular access, an excitement phase 
that could be distressing to observe or potentially dangerous 
to be near, and need for specialized delivery systems (e.g., 
large and long needles for large cetaceans). General social 
acceptability of injectable euthanasia techniques versus physi- 
cal methods notwithstanding, the size-appropriate equipment 
required and its application for large animals may still be 
disturbing to onlookers, and prior explanation of the process 
and equipment is highly advisable. 

Compared with species more commonly encountered 
in veterinary medicine, drug effects and reactions are not 
as well studied in marine mammals. Variations among spe- 
cies, individuals, physiological status, and setting all have the 
potential to yield unpredictable reactions (see Pre-euthanasia 


Sedation and Analgesia below for specific examples), even 
for drugs that have previously been successfully employed. 
In the event of a violent response, if the animal cannot be 
effectively restrained, it is safer to back away and let the ani- 
mal expend itself. 

A reasonably accurate measurement or estimate of body 
weight is essential for appropriate dosing (Barco et al. 2016). 
An accurate body weight is also valuable for managing logistics 
for any attempted rescue, or for carcass moving and disposal. 
Despite the commonly held maxim that euthanasia solution 
cannot be overdosed (because the intended result is achieved 
with either accurate dosing or overdosing), there are distinct 
disadvantages to overdosing euthanasia drugs. These include 
increased cost (particularly with large animals or mass strand- 
ing events), loss of inventory that may be needed on short 
notice before the ability to resupply (again, more of a con- 
cern for massive events), gross pathologic and histopathologic 
changes that may cloud interpretation of postmortem find- 
ings (e.g., vascular pooling, congestion, organ enlargement), 
and hazards of relay toxicity to scavengers, or environmen- 
tal contamination, if proper disposal of the carcass follow- 
ing euthanasia is not possible. Conversely, the drawbacks of 
underdosing euthanasia solution are more readily apparent, 
most importantly prolonging suffering of the animal but also a 
greater likelihood of inducing an excitement phase and reduc- 
ing safety of personnel working close to the animal. Platform 
scales may be used to weigh both small and large animals 
in captive settings, particularly if weighing is a trained medi- 
cal behavior. In stranding situations, smaller animals can be 
weighed directly using slings and load cell scales. For larger 
animals, or when direct weighing is otherwise not feasible, 
weight can be estimated from length-to-weight equations and 
graphs. These have been generated for several smaller ceta- 
cean species that commonly strand in the southeastern United 
States (Figure 28.3; Barco et al. 2016), and additional sources 
are available for large cetaceans (Lockyer 1976; Fortune et al. 
2012). An app has recently been developed to estimate weight 
from length for several cetacean species (Harms et al. 2017). 

From calculated values, adjustments to the working 
weight can be made up or down, based on body condition 
assessment and examination of scatter plots depicting known 
variation in body weights by length (Barco et al. 2016). Doses 
can be further adjusted based on clinical assessment of the 
animal's health status. Because of differences in body confor- 
mation, weights of different species can vary dramatically for 
individuals of the same length. Furthermore, comparatively 
small differences in length may lead to a profound differ- 
ence in weight. For example, using published large whale 
equations (Lockyer 1976), the estimated weight of a 10 m 
humpback (Megaptera novaeangliae) calculates to 14,700 kg, 
compared with a 10 m fin whale (Balaenoptera physalus) at 
6,400 kg, or a 9 m humpback at 10,800 kg. Visual estimates 
of length can be wildly inaccurate and are almost invariably 
low; therefore, a tape measure stretched out parallel to the 
animal is strongly recommended, exercising due caution in 


Euthanasia 681 


i> 
io}0) 
i 
i 
aa 
i 
te) 
= 
= 


T T 
200 250 


Length (cm) 


Figure 28.3 Example of a length-to-weight graph that can be used to 
estimate weights of stranded cetaceans in the field when weighing is 
not feasible. Data are from 171 bottlenose dolphins stranded in North 
Carolina and Virginia. W = (0.004468 x [L — 196833]*) + (1.3728948 x 
L) - 168.61, where W is weight in kg and L is length in cm. N = 171, R? = 
0.939. (Adapted from Barco, S. G. et al., Collaborative development 

of recommendations for euthanasia of stranded cetaceans, in NOAA 
Technical Memorandum NMFS-OPR-56, 83, Silver Spring, MD: US 
Department of Commerce, NOAA, 2016.) 


proximity to the flukes. Girth (or width as a surrogate) has 
similarly marked effects on weight (Barratclough et al. 2014), 
although it is somewhat more difficult to measure and apply 
to weight calculations. 


Routes of Administration Intravascular administration of 
an acceptable pharmaceutical agent is considered the most 
rapid and reliable means of obtaining humane euthanasia 
in mammals (Close, Banister and Baumans 1996; Leary et 
al. 2013) and is the common method used in marine mam- 
mals. Peripheral veins can be found in anatomical grooves 
of cetaceans. The vessels lie under the dermis and can be 
accessed with superficial techniques, particularly in the fluke. 
When the vasculature starts to collapse in dying cetaceans, 
the ventral peduncle may be the most useful site for injection. 
For small cetaceans, a 2.5 cm, 20-gauge needle is suitable; for 
larger cetaceans, use a 3.8 cm needle; and for larger whales, 
a needle of 5.1 cm or longer is needed (Sweeney 1989). To 
access deeper vessels, a 15 cm needle can be used for an orca- 
sized whale, and a 30-46 cm needle for a larger whale (Royal 
Society for the Prevention of Cruelty to Animals [RSPCA] 1997). 
Sites for venipuncture in different marine mammal groups are 
described elsewhere (see Chapters 37 through 45). 
Disadvantages of the intravenous (IV) route are the diffi- 
culty in locating peripheral vasculature in debilitated or trau- 
matized animals or animals in various stages of shock, the 
potential danger to humans in restraining animals for access 
to vessels, and the extreme danger of working around the 


flukes of a large cetacean. Additionally, considerable drug 
dilution and time to travel from peripheral vessels means that 
larger doses are required and onset of action is slower than if 
administered centrally. 

Intracardiac injections are painful and are unaccept- 
able in a conscious animal but acceptable in anesthetized, 
moribund, or unconscious animals (Close, Banister, and 
Baumans 1997; Leary et al. 2013). Using centrally adminis- 
tered routes allows more rapid onset of action, the ability 
to accommodate large volumes more quickly, smaller drug 
volume requirements, reliable access to the circulatory space, 
and the ability to work in a relatively safe environment, away 
from the flukes. Thus, for euthanasia of cetaceans, following 
nonresponsiveness induced with intramuscular dosing with 
sedatives and analgesics, intracardiac injections can be used 
(Harms et al. 2014; Barco et al. 2016). Intracardiac access in 
large animals requires custom-made long and robust needles 
(Figures 28.4 and 28.5; Geraci and Lounsbury 2005; Harms 
et al. 2014). Large volumes as required for large whales can be 
administered from an inexpensive pressurized plastic canister 
adapted for the purpose (Figure 28.5). 
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Figure 28.4 Custom-made, 31 cm 16-gauge and 55 cm 18-gauge 
needles used for deep intramuscular injections in large whales, with 
polyvinyl chloride tube carrying case. Ruler = 15 cm. (Reprinted with 
permission from Harms, C. A. et al., Low-residue euthanasia of stranded 
mysticetes, J Wild! Dis 50: 63-73, 2014.) 


Figure 28.5 Robust customized intracardiac needle and drug delivery 
system. The needle is 1 m long, 21 mm in outer diameter, 12 mm in inner 
diameter, with a threaded point inserted at one end for ease of clean- 

ing and safe transport and handling, six 3 mm side ports to avoid tissue 
coring, heavy gauge to reduce bending, a threaded crossbar handle to 
facilitate insertion, and a quick disconnect coupling to the tubing. The 
pressurized canister is a commercially available sprayer. (Reprinted with 
permission from Harms, C. A. et al., Low-residue euthanasia of stranded 
mysticetes, J Wild! Dis 50: 63-73, 2014.) 
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The best access points for intracardiac injections are low 
on the body wall via right or left axillary spaces, or ventrally 
from a parasternal approach (Barco et al. 2016). For large ani- 
mals that cannot be rolled, waiting until low tide is required 
to carry out this procedure. 

If an injection cannot be administered IV, then less pre- 
ferred routes can be used. Intraperitoneal administration is 
considered acceptable by AVMA guidelines (Leary et al. 2013). 
However, some drugs may irritate peritoneal tissues and are 
slow to absorb, and thus unpredictable, leading to prolonged 
onset of action and variation in the effective dose (Leary et al. 
2013). The thickness of the skin, blubber, and muscle must be 
taken into account when selecting needle length for intraperi- 
toneal injection, and access may be difficult in large whales. 
Intraperitoneal injection may be more appropriate for smaller 
animals, however, the human risks associated with restraint 
for injection remain. Intrahepatic administration of euthana- 
sia solutions has been considered acceptable in cats (Grier 
and Schaffer 1990; Leary et al. 2013) and has been used with 
some success in small cetaceans (Barco et al. 2016). When 
compared with the intraperitoneal route, intrahepatic admin- 
istration of sodium pentobarbital in cats resulted in minimal 
response to injection, moderate accuracy, low rate of excit- 
ability, and a significantly faster response, followed by car- 
diac standstill (Grier and Schaffer 1990). Both intraperitoneal 
and intrahepatic administration may be less acceptable to the 
public or volunteers than intravenous dosing. 

The intramuscular (IM) route may used for euthanasia 
with ultrapotent opioids (e.g., etorphine, carfentanil; see 
below), or for pre-euthanasia sedative and analgesic drugs 
in two-step or multiple-step euthanasia procedures. As with 
intraperitoneal and intrahepatic injections, intramuscular 
injections require sufficiently long needles to pass through the 
thick skin, fat, and blubber layers of large marine mammals. 
Custom-made 31 cm 16-gauge and 55 cm 18-gauge needles 
have been used successfully for mysticetes (Harms et al. 2014; 
Figure 28.4). Though long, the small diameter elicits min- 
imal response to insertion, with successively less response 
as multiple doses are administered. Large volumes may be 
required; therefore, limit volumes to ~30 ml per IM injection 
site even in massive animals, and distribute among multiple 
sites, to ensure adequate systemic absorption. Injection site 
distribution can be achieved using long needles to deposit the 
drug in deep, middle, and shallow intramuscular sites during 
a single needle excursion; by multiple needle insertions; or 
by using needles with multiple side ports. Moore et al. (2010) 
note that a needle with three equidistant side ports near the 
needle tip can deliver three independent boluses from a sin- 
gle needle, maximizing uptake. 

The intranasal or blowhole route has been used success- 
fully to deliver pentobarbital (60 ml, 390 mg/ml) to a 13.5 m 
standard-length fin whale (Balaenoptera physalus), resulting 
in sufficient sedation to allow safe use of a fluke vessel for 
final euthanasia (Dunn 2006). Drugs successfully delivered 
via the intranasal route in other species (e.g., midazolam, 


morphine, xylazine) have potential pre-euthanasia applica- 
tion in marine mammals (Barco et al. 2016). 

Subcutaneous administration has an unacceptably long 
absorption of drug and onset of action. Intrathoracic, intra- 
pulmonary, intrarenal, intrasplenic, and intrathecal routes irri- 
tate tissues and are only considered conditionally acceptable 
for administering euthanasia agents in anesthetized or mori- 
bund animals (Close, Banister, and Baumans 1996; Leary et 
al. 2013); these routes have little advantage over other routes 
of administration in marine mammals. Retrobulbar injections 
have been attempted in large cetaceans, using custom-made 
long needles, in an attempt to access a venous plexus from 
a position of relative safety far from the flukes, but abundant 
retrobulbar fat deposits may limit efficacy of this route of 
administration (Harms et al. 2014; Barco et al. 2016). 


Pre-Euthanasia Sedation and Analgesia 


Handlers may risk serious personal injury when working in 
close proximity to large marine mammals during administra- 
tion of any injection, especially in uncontrollable environ- 
ments (such as on ice floes with polar bears, or in water of 
any depth with adult pinnipeds or large whales). Sedating the 
animal prior to euthanasia decreases but does not eliminate 
the risk to personnel during handling. Deep sedation and 
analgesia is also required for two-step euthanasia procedures 
that would otherwise not be considered acceptable, such as 
those using intracardiac injections, KCl, or exsanguination. 
Sedation would also be beneficial while setting up for an 
acceptable physical euthanasia technique (see below). In ani- 
mals that are already in poor health or severely compromised 
by the effects of stranding, pre-euthanasia sedative—analgesic 
drugs may effect euthanasia themselves. 

Sedation can be accomplished utilizing remote darting 
systems or IM injections (Barco et al. 2016; see Chapter 
26). Pre-euthanasia drugs that have been used in cetaceans 
include midazolam, diazepam, acepromazine, xylazine, and 
other alpha-2 agonists, meperidine, butorphanol, and oth- 
ers (Barco et al. 2016). Of these, the alpha-2 agonists and 
opioids (e.g., meperidine, butorphanol) provide analgesia 
essential for 2-step protocols including intracardiac injections. 
Benzodiazepines (midazolam and diazepam) and aceproma- 
zine provide beneficial anxiolysis and sedation, albeit with- 
out analgesic properties; they can potentiate the sedative and 
anesthetic effects of other drugs and can reduce potential 
excitatory side effects. Midazolam and the opioid drugs are 
listed as controlled substances by the US Drug Enforcement 
Agency (DEA), which can limit their accessibility to some 
stranding response organizations, while acepromazine and 
xylazine are not so listed. Because of their use in large ani- 
mal medicine, acepromazine and xylazine have the additional 
advantages of being available in quantities suitable for use in 
large marine mammals, and at reasonable cost (Harms et al. 
2014). Compounded concentrated midazolam (50 mg/ml) and 
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butorphanol (50 mg/ml) have been delivered by dart at sea 
for sedation and successful disentanglement of right whales, 
at approximate doses of 0.1 mg/kg for each drug (Moore et al. 
2010). If available, these concentrated formulations could also 
be used for pre-euthanasia sedation and analgesia, although 
they are expensive, and extra care in handling needs to be 
employed. 

Adverse reactions have been noted in some species 
in response to some sedatives and analgesics. Risso’s dol- 
phins (Grampus griseus) have exhibited excitation following 
IM injections with alpha-2 agonists, including xylazine and 
medetomidine (Barco et al. 2016). Excitation has also been 
observed in a gray whale (Eschrichtius robustus) follow- 
ing xylazine injection (Gulland pers. comm.). Alpha-2 ago- 
nists are therefore not recommended as the initial or sole 
premedication in Risso’s dolphins or mysticetes. Treatment 
with midazolam and/or acepromazine prior to xylazine has 
resulted in smooth induction in these species, while retain- 
ing the beneficial analgesic effects of xylazine, without the 
visually distressing and potentially dangerous side effects 
(Harms et al. 2014; Barco et al. 2016). Acepromazine has 
been associated with violent reactions in common dolphins 
(Delphinus delphis; Barco et al. 2016). Common dolphins are 
considered particularly sensitive to handling and noises, and 
a quiet hands-off approach to the extent possible is recom- 
mended with this species regardless of drugs used (Barco et 
al. 2016). False killer whales (Pseudorca crassidens, Atkins, 
Boyd, Ewing, Lovewell, Walsh pers. comm.) and a white- 
beaked dolphin (agenorhynchus albirostris; Harms pers. 
obs.) have exhibited violent agonal responses following mid- 
azolam, acepromazine, and xylazine. In the case of the false 
killer whale mass stranding, similar agonal responses were 
observed in one whale without any drug administration and 
may therefore have reflected their underlying physiologic sta- 
tus at the time of death; previous use of midazolam alone in 
false killer whales housed in facilities has not been associated 
with agitation (Walsh pers. comm.). Additionally, the white- 
beaked dolphin had a functional pheochromocytoma and 
may have been sensitized with endogenous catecholamines. 

Some pre-euthanasia sedative—analgesia protocols (Barco 
et al. 2016) that have been effective in previous cetacean 
euthanasia cases based on a survey of US stranding orga- 
nizations include the following: ) meperidine 4 mg/kg IM; 
(2) midazolam 0.05-0.1 mg/kg IM, acepromazine 0.2-1 mg/kg 
IM, xylazine 3-4 mg/kg IV or IM, with 5-10 minutes between 
drugs, and repeated if necessary; and (3) acepromazine 
1 mg/kg IM, xylazine 2 mg/kg IM, with 5-10 minutes between 
doses, and repeated as necessary. The reader is referred to 
Barco et al. (2016) and Chapter 26, for additional options 
and details. 

A local anesthetic block Cidocaine, carbocaine, etc.) in 
the skin, blubber, and muscle layer at the site of intracar- 
diac needle insertion (Harms et al. 2014) may not be strictly 
necessary in an animal rendered nonresponsive by systemic 
sedatives and analgesics, but it is easily and inexpensively 


performed, can add an extra layer of analgesia during 
multiple-step euthanasia procedures, and is recommended. 


Euthanasia Drugs 


Barbiturates 


Barbiturates are the most widely accepted mammalian eutha- 
nasia agents because of their rapid and targeted action (Close, 
Banister, and Baumans 1997; Leary et al. 2013). These drugs 
act by depressing the medullary respiratory and vasomotor 
centers, resulting in unconsciousness and respiratory and car- 
diac arrest. The onset of these reactions is quick, thus mini- 
mizing the discomfort to the animal. They are acceptable for 
single-agent euthanasia, unless administered via the intra- 
cardiac route, in which case pre-euthanasia analgesia should 
be administered. Some countries limit use of these drugs to 
appropriately licensed individuals (e.g., US DEA registration), 
thereby limiting availability in some stranding situations. 
Pentobarbital is the barbiturate most widely used for eutha- 
nasia. Euthanasia products containing only pentobarbital are 
listed as controlled DEA Schedule IH drugs, while products 
combining pentobarbital with other agents such as phenytoin 
are Schedule HI drugs, which are slightly less restrictive to 
obtain, store, and document (Leary et al. 2013). 

The dosage for pentobarbital-induced euthanasia for most 
species is 60-120 mg/kg IV (Plumb 2015). A dose of 80 mg/kg 
IV has been recommended for cetaceans (Barco et al. 2016). 
Median pentobarbital euthanasia doses used successfully for 
cetacean euthanasia in the United States were 100 mg/kg IV 
with alpha-2 agonist premedication and 133 mg/kg IV with- 
out premedication (Barco et al. 2016). Immature gray whales 
4-6 m in length have been successfully euthanized with 
180-230 ml of pentobarbital solution (390 mg/ml concentra- 
tion) IV (Haulena and Gulland pers. comm.). Pilot whales 
(Globicephala spp.) 4-6 m in length were successfully eutha- 
nized with 120 ml of pentobarbital solution (390 mg/ml con- 
centration) IV (Rowell 1985). A dose of 10 mg/kg effectively 
induces deep anesthesia in cetaceans. This dose can induce 
apnea for a period potentially long enough to cause hypoxia 
without the animal regaining consciousness (Sweeney 1989) 
and would be considered humane euthanasia in circum- 
stances where larger volumes cannot be administered. The 
volume of pentobarbital can be reduced by premedication 
with acepromazine at 100 mg/m of body length (Needham 
1993) or midazolam at 15 mg/m of body length (Greer and 
Rowles 2000; Gulland pers. comm.), or a premedication 
administered on the basis of mg/kg weight estimated from 
length, as indicated above and in Barco et al. (2016). 

Intraperitoneal administration of barbiturates is accept- 
able if IV or intracardiac access is not feasible (Leary et al. 
2013), but may require a dose approximately 50% higher 
than if vascular delivery is achieved (Barco et al. 2016). Many 
barbiturates other than pentobarbital have an acidic pH and 
therefore are irritating if injected intraperitoneally. 
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Despite being the preferred method of chemical eutha- 
nasia in controlled settings, pentobarbital poses a risk for 
relay toxicity to scavengers and is environmentally persistent 
(Peschka, Eubeler, and Knepper 2006; Bischoff, Jaeger, and 
Ebel 2011; Leary et al. 2013). Pentobarbital-containing eutha- 
nasia solution is therefore not a responsible option if proper 
disposal of the resulting carcass is not possible or is in doubt, 
as is often the case in stranding situations with difficult access 
(Harms et al. 2014). 


Ultrapotent Opioids: Etorphine 
and Carfentanil 


Etorphine and carfentanil have been used as IM alternatives 
to intravenous euthanasia in some large mammals (Leary et 
al. 2013). They are ultrapotent opioids up to 10,000 times more 
potent than morphine sulfate (Leary et al. 2013). Etorphine 
(variously available, when available, in 1 mg/ml, 4.9 mg/ml, 
9.8 mg/ml, or 10 mg/ml concentrations) and an etorphine 
combination with acepromazine mmobilon L.A., etorphine 
2.45 mg/ml and acepromazine 10 mg/ml) have been used 
for cetacean euthanasia (IWC 2014). Carfentanil has not been 
reported as a cetacean euthanasia agent but would likely be 
effective (WC 2014), Advantages include the relatively small 
volumes required for effect even in a large whale, rapid onset 
of action, and not requiring vascular access for administra- 
tion. Disadvantages include uneven commercial availability, 
strict regulatory oversight in most countries, cost, the poten- 
tial for relay toxicity to scavengers, and the notable hazard to 
personnel, especially if working in a challenging stranding 
environment. Ultrapotent opioids are therefore generally not 
recommended for euthanasia of marine mammals (IWC 2014; 
Barco et al. 2016), but they are options to consider based on 
their prior effective use for that purpose. 

Etorphine and carfentanil are DEA Schedule I drugs but 
require special DEA approval in addition to a standard DEA 
license to acquire. Etorphine has previously been a preferred 
euthanasia drug for both small and large cetaceans in the 
United Kingdom (RSPCA 1997, 1998) but recently has been 
less used, due to inconsistent availability, personnel risks, 
and adverse responses, including in northern bottlenose 
whales (Hyperoodon ampullatus) with reported apparent 
convulsions and spontaneous revival after prolonged apnea 
(IWC 2014). The potency of etorphine and carfentanil poses 
risks to personnel handling the drug, especially in the large 
doses needed for euthanasia (Morkel 1993), and even more 
so if combined with the physical hazards inherent in working 
close to a large marine mammal, even if it is in shallow water. 
Ultrapotent opioids can be absorbed through broken skin and 
mucous membranes (mouth, eyes, and nose). They should 
never be used unless a second person trained in handling 
opioid accidents and emergencies is on hand and a first-aid 
kit is present. Following euthanasia with etorphine or carfen- 
tanil, the carcass must be properly disposed of to prevent any 
risk of relay toxicity. 


The dose of Immobilon L.A. used for euthanasia is 
approximately 0.5 ml/1.5 m in dolphins and 4 ml/15 m in 
whales (Greenwood and Taylor 1980; RSPCA 1997, 1998; 
Barnett, Jepson, and Patterson 1999). The dose of etorphine 
for immobilization of a variety of terrestrial mammals can 
range from 0.5 to 20 pg/kg, but euthanasia dosages for most 
marine mammals have not been determined. Using the 
4 ml/1.5 m Immobilon L.A. dose above, for example, a 9 m 
humpback whale weighing 10,000 kg would be dosed with 
16 ml, containing 39.2 mg etorphine, or 4 pg/kg. 


T-6l 


T-61 is a mixture of a local anesthetic, a hypnotic agent, and 
curariform drug—tetracaine HCl (5 mg/ml), embutramide 
(200 mg/m), and mebezonium iodide (50 mg/ml, respec- 
tively, in aqueous solution with dimethylformamide. This 
drug should only be administered IV because differential 
absorption may occur when administered by any other route. 
There has been concern that the curariform component may 
take effect before the onset of unconsciousness, causing dis- 
tress to the animal. In dogs and rabbits, a loss of conscious- 
ness occurs simultaneously with paralysis (Hellebrekers et al. 
1990), making this agent acceptable in these species. Injection 
at a slow to moderate rate is recommended to avoid dys- 
phoria or onset of paralysis before unconsciousness (Leary 
et al. 2013). Relay toxicity to scavengers may occur (Leary 
et al. 2013). T-61 is no longer available in the United States. 
Embutramide is a DEA Schedule III controlled drug in the 
United States, but T-61 is not controlled in many countries 
and therefore may be available. The dose extrapolated from 
small animals is 0.3 ml/kg IV (Hyman 1990). T-61 has been 
used as a component in multistep euthanasia procedures in 
fin whales (Daoust and Ortenburger 2001; Dunn 2006) and 
a southern right whale (Zubalaena australis, Kolesnikovas 
et al. 2012). Doses have been 100 ml for a 10.5 m fin whale 
(9.55 ml/m or ~0.015 ml/kg; Daoust and Ortenburger 2001), 
120 ml for a 13.5 m fin whale (8.9 ml/m, or ~0.01 ml/kg; Dunn 
2006), and 750 ml for a 14 m southern right whale (54 ml/m, 
or ~0.02 ml/kg; Kolesnikovas et al. 2012). 


Potassium Chloride 


Potassium chloride (KCD solution is acceptable in a two-step 
or multistep euthanasia procedure when preceded by uncon- 
sciousness or general anesthesia, though not as a sole eutha- 
nasia agent (Leary et al. 2013). The mechanism of action is 
cardiotoxicity. It is not a controlled substance; it is inexpensive, 
does not induce histologic artifacts, can be mixed in the field, 
and is a preferred technique to reduce risk of relay toxicity 
(Leary et al. 2013). Arching and gaping commonly occur, and 
muscle spasms may occur despite premedication rendering the 
animal insensible (Dunn 2006; Leary et al. 2013; Harms et al. 
2014). Rapid IV or intracardiac injection at 1-2 mmol/kg (75- 
150 mg/kg) causes prompt cardiac arrest (Leary et al. 2013). 


Euthanasia 685 


Commercial medical-grade products are supplied at a 2 mmol/ 
ml (150 mg/ml) concentration (Plumb 2015), which can result 
in impractical large volumes for larger animals. Higher concen- 
trations can be mixed, with temperature-dependent solubil- 
ity: 281 mg/ml at 0°C, 360 mg/ml at 25°C (Lide 2004). Even 
higher concentrations can be achieved by mixing KCl in hotter 
water, but in cold weather, KCl salt may precipitate in tub- 
ing as the highly saturated solution cools, thereby blocking 
administration and negating the advantages of faster dissolv- 
ing and higher concentrations. For practical dose and volume 
calculation purposes, saturated KCl solution at ambient tem- 
peratures can be considered to be approximately 4 mmol/ml 
or 300 mg/ml, or double the concentration of commercial solu- 
tions. For example, a 10,000 kg whale dosed at 1-2 mmol/kg 
(after heavy sedation and analgesia) would require 2.5-5.0 L 
saturated KCI solution to complete euthanasia. These volumes 
can be accommodated in pressurized plastic canisters adapted 
for the purpose, as described above for intracardiac injections 
(Figure 28.5). Intracardiac KCl solution has been administered 
in four mysticete whales in this dose range following premedi- 
cation with midazolam, acepromazine, and xylazine (Harms 
et al. 2014), and has been used subsequently in additional 
cases, including large odontocetes (Kogia spp.), as a means to 
minimize relay toxicity hazard when carcass disposal options 
were limited or lacking (Harms pers. comm.). It has also been 
employed at substantially lower doses (0.12 and 0.25 mmol/kg, 
or 9 and 19 mg/kg) in two other mysticete cases with different 
premedications that included T-61 and other drugs (Daoust and 
Ortenburger 2001; Kolesnikovas et al. 2012). 


Paralytics 


Paralytic agents have been reportedly used in stranded marine 
mammals, primarily because these drugs are not all controlled 
substances. The mechanism of action involves muscle paral- 
ysis, respiratory restriction, and hypoxia induction. Animals 
that have received paralytics as euthanasia agents without 
premedication suffocate while maintaining consciousness. 
This process can be slow and prolonged in diving species that 
can withstand long periods of apnea. Hyman reported (1990) 
using potassium chloride with succinyl choline to induce 
cardiac arrest and thereby shorten the period paralytics may 
take to induce death; however, neither of these drugs is an 
acceptable euthanasia agent in a conscious animal due to the 
expectation of fear, struggling, or pain before death occurs 
(Leary et al. 2013). The amounts required for a large marine 
mammal also could pose a life-threatening risk to personnel 
in the event of accidental injection. Paralytic agents should not 
be used unless a person trained in treatment of paralytic drug 
accidents and an appropriate first-aid response kit are present. 


Inhalants 


Inhalant anesthetic agents such as sevoflurane, isoflurane, 
enflurane, desflurane, halothane, and methoxyflurane are 


considered humane methods of euthanasia (Leary et al. 
2013). Halothane and methoxyflurane are no longer clini- 
cally available in the United States but are still available in 
some countries. These agents are more easily applied for 
euthanasia of captive animals, smaller animals (sea otters, 
pinnipeds), or animals already anesthetized. As sole eutha- 
nasia agents, they are only recommended for animals less 
than 7 kg, even though conditionally acceptable for larger 
animals; this is because of cost and difficulty of administra- 
tion (Leary et al. 2013). Disadvantages of inhalant anesthetics 
are the specialized delivery systems required for administra- 
tion, the extended period of time required for induction in 
breath-holding species, and the prolonged physical restraint 
necessary. These disadvantages are both risky to personnel 
involved as well as stressful for the animal; unless the animal 
is markedly debilitated or sedated, there is a potential for 
irritation or aversion during inhalation induction, the poten- 
tial for a vigorous excitement phase, and increased exposure 
hazards to personnel. Isoflurane liquid delivered in repeated 
small portions at peak inspirations directly to the blowhole 
of a premedicated juvenile right whale after expending all 
available injectables appeared to achieve aerosolization in 
the inrush of air, and a reduction in palpebral response, but 
also may have been irritating, did not achieve anesthesia, 
and is not a particularly recommended methodology (Harms 
et al. 2014). 

Carbon dioxide, delivered in a closed chamber, is com- 
monly used for euthanasia of laboratory animals. Carbon 
dioxide concentrations must reach levels high enough to 
induce unconsciousness and subsequent death. It is doubtful 
that these levels would be reached quickly in breath-holding 
animals or in species with adaptations to high concentra- 
tions of carbon dioxide. Carbon dioxide has also caused an 
excitatory phase before death in cats and dogs, is not recom- 
mended in species larger than a cat, and may not be as pain- 
less as previously believed (National Research Council 1992; 
Close, Banister, and Baumans 1997; Leary et al. 2013). 


Physical Methods 


Several physical methods of euthanasia have been employed 
in marine mammals. For a physical method of destruction to 
be considered humane, it must fulfill the requirement of rap- 
idly inducing relatively painless unconsciousness before death 
(Leary et al. 2013). Only methods that quickly and relatively 
painlessly destroy the brain or brain stem are considered 
humane methods of euthanasia. All other physical methods 
of euthanasia (e.g., exsanguination, suffocation, bilateral tho- 
racotomy, gunshot to heart) are considered humane only if 
used in a heavily sedated, unconscious, or moribund animal, 
or as a secondary confirmation of euthanasia. 

If properly performed, physical euthanasia is very rapid, 
requires less handling, and may induce less fear and anxiety 
than chemical methods. There are no drug residues to put 
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scavengers at risk and no controlled drug restriction issues, 
unless premedication is used to reduce anxiety prior to the 
physical method. No veterinary training is required, although 
knowledge of the target anatomy is essential. Physical eutha- 
nasia methods are typically lower in cost than chemical meth- 
ods. And in mass stranding events, physical methods may be 
the only practical options, apart from letting nature take its 
course or basic hospice care. However, if performed incor- 
rectly, physical euthanasia methods can dramatically increase 
rather than relieve suffering. In addition, there may be per- 
sonnel and public safety risks inherent in utilizing lethal force 
trauma for euthanasia, animal brain destruction that can 
preclude critical postmortem analysis, potential lead residue 
hazards to scavengers, and necessary firearms and/or explo- 
sives training, as well as and adverse aesthetics and meth- 
odologies triggering unfavorable public response. Hampton 
et al. (2014b) noted that “...chemical euthanasia methods 
cannot generate instantaneous deaths and are invariably 
associated with prolonged time to death.... There is a com- 
pelling argument that the shortest time to death should be 
the overwhelming priority for euthanasia methods, over con- 
cerns such as public acceptance or aesthetics.” While there is 
considerable merit in physical methods of euthanasia when 
properly applied, this assessment fails to take into account 
that with chemical euthanasia, each successive premedication 
incrementally relieves suffering while a single inappropri- 
ately applied physical method can increase suffering dra- 
matically. It also overlooks the requirement of public support 
for stranding response organizations, whether funded from 
governmental or private sources. Public perceptions cannot 
be lightly dismissed for any method of euthanasia employed; 
engagement, discussion, and education can and should be 
employed to guide public perception and understanding, yet 
the need for euthanasia of the animal takes priority over that 
of the observer. 


Ballistics 


A scientific approach to the use of ballistics has not been 
reported in polar bears, pinnipeds, walruses (Odobenus 
rosmarus), or sea otters; however, the anatomy of the tar- 
get organs for euthanasia of these species is not markedly 
different from terrestrial mammals, and diagrams published 
for domestic animals can be adapted (Leary et al. 2013). If 
done correctly, ballistics should cause instantaneous uncon- 
sciousness (i.e., instant destruction of the brain or brain stem), 
followed by respiratory and cardiac arrest. Although brain 
destruction results in immediate unconsciousness, tetanic 
spasms and hindquarter movements can occur for several 
seconds (Leary et al. 2013). When ballistics are used in field 
conditions, the caliber of the firearm should be appropriate 
for the species. Personnel should be trained to hit specific 
target organs (brain, brain stem, heart, neck), including prac- 
tice on deceased animals. When the brain or brain stem is 
destroyed by gunshot, consciousness is lost instantaneously, 


and the definition of euthanasia is met (Leary et al. 2013). In 
field situations, a clean head shot may not be possible, how- 
ever, and a neck or heart shot may be the only option for 
humane killing when criteria for euthanasia cannot be met, 
or when the brain is required for diagnostic purposes (e.g., 
rabies, domoic acid). Heart and neck shots may also be used 
as the last step of a multistep euthanasia procedure. 

Ballistics have been evaluated for euthanasia of ceta- 
ceans. Several anatomical characteristics in cetaceans make 
the use of ballistics challenging. Skin, blubber, and muscle of 
the forehead (melon) are arranged such that kinetic energy 
from a projectile is absorbed, dampening the impact. The 
anterior (frontal) surface of the cetacean skull is concave 
with extensive sinuses, increasing the likelihood of further 
bullet deflection (Barzdo and Vodden 1983). The extensive 
muscle on the nuchal, parietal, and occipital regions of the 
skull makes occipital shooting ineffective in larger animals. 
Thick, dense blubber and tough, intermuscular fascial planes 
of large whales can redirect the trajectory of the spinning pro- 
jectile away from its intended target. Use of ballistics in mass 
strandings can be distressful to the surviving animals and to 
personnel responding to the event. Exposure to the noise, 
visual destruction, agonal vocalizations, and possible release 
of pheromones by frightened animals may exacerbate anxiety 
and fear in the conscious animals (National Research Council 
1992), although this distress could potentially be alleviated by 
administration of sedatives, or suppressors (silencers) where 
legal, and must be weighed against the suffering entailed with 
no intervention. 

In smaller cetacean species (variously considered less than 
4-8 m in size, depending on the cited source and the equip- 
ment used), there are two different documented approaches. 
The first is a shot aimed through or just caudal to the blow- 
hole at a 45° angle directly down and back (ventrocaudally) 
to an area behind the pectoral flippers (Geraci and Lounsbury 
2005; Hampton et al. 2014a,b). The second is a horizontal 
shot lateral to the brain, just above (dorsal to) the center of 
the eye-ear line (RSPCA 1997, 1998; Geraci and Lounsbury 
2005; Barco et al. 2016). Aiming through the melon from the 
front of the skull is not recommended because of the depth of 
soft tissues that must be penetrated and the ricochet potential 
from the thick parabola-shaped frontal bones. The Western 
Australia Department of Parks and Wildlife recommends 
three quick successive shots close together along the animal’s 
long axis starting just caudal to the blowhole (Hampton et 
al. 2014a). The firing range should be 0.4-1.0 m from the 
head (Geraci and Lounsbury 2005; Blackmore et al. 1995; 
RSPCA 1997; Hampton et al. 2014b). Bullets shot at point- 
blank range are subjected to greater yaw when penetrating 
the thick soft tissue that surrounds a cetacean skull, and if 
the muzzle touches the target, back pressure risks a burst 
barrel (RSPCA 1997; Geraci and Lounsbury 2005). Shooting 
cetaceans through the thorax is not recommended, as this 
will likely result in persistent consciousness and a slow death 
(Geraci and Lounsbury 2005). 
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There are conflicting reports on the type of firearm to use 
in these smaller cetaceans. The RSPCA’s Stranded Cetaceans: 
Guidelines for Veterinary Surgeons (1997) states that a shot- 
gun or a .22-caliber rifle should never be used. A shotgun 
with buckshot or a .22-caliber projectile may not reliably pen- 
etrate the skull. However, in a study performed on carcasses 
of a common dolphin and five pilot whales (<18.7 ft.; <5.7 m) 
using a 12-gauge shotgun with a 28 g lead slug or buckshot 
(nine individual pellets totaling 28 g), the authors concluded 
that shooting cetaceans less than 4 m in length was effec- 
tive, with the added safety feature that the projectiles did not 
exit the carcasses (Blackmore et al. 1995). Bullets that are 
solid or jacketed, blunt-tipped, nondeforming, a minimum of 
.30 caliber, and a minimum of 140 grains (9.8 g) are recom- 
mended (RSPCA 1997; Geraci and Lounsbury 2005; Hampton 
et al. 2014b). Hollow or soft bullets do not reliably penetrate 
the skull. Recent work on cadavers of multiple cetacean spe- 
cies found that 0.300/0.308-caliber 12 g/180 grain hydrostati- 
cally stabilized blunt nondeforming copper-alloy solid bullets 
achieved a stable trajectory and reliably penetrated the skull 
(Hampton et al. 2014b). This study forms the basis for the 
Western Australia Department of Parks and Wildlife’s pro- 
tocol for euthanasia of cetaceans <7 m in length by firearms 
(Hampton et al. 2014a) and may be applicable for larger ceta- 
ceans following cadaver testing (Hampton et al. 2014b). 

High-powered rifles pose a risk to humans when used 
on rocky beaches, where ricochets of penetrating bullets may 
occur. A safe and humane shot with a high-powered rifle 
requires someone who is trained and adequately skilled to 
destroy the brain accurately and rapidly kill the animal. 

The use of normally available ballistics in larger whales 
is challenging and not recommended in whales larger than 
7-8 m, sperm whales (Physeter macrocephalus) of any size, 
or baleen whales other than minke whales or small juveniles, 
due to the anatomy of the head and blowhole (Barzdo and 
Vodden 1983; Needham 1993; Geraci and Lounsbury 2005; 
IWC 2010; IWC 2014). The brain is deeply buried in these 
larger cetaceans. For any projectile to be effective, it would 
need to penetrate approximately 1.2 m of blubber, muscle, 
and bone, and still maintain enough kinetic energy to destroy 
the brain and cause immediate unconsciousness and death. 
Highly public failures of attempted euthanasia of whales >8 m 
by firearms have occurred; in one case, the bullets were found 
to have tracked well off trajectory through the thick, dense 
blubber. In South Africa, euthanasia by firearms (0.375-caliber 
full metal jacket) has occasionally been judged successful in 
mysticete whales up to 12.3 m in body length but also unsuc- 
cessful in an 8.4 m humpback whale (WC 2014). Further test- 
ing on cadavers is highly recommended prior to employing 
specific firearms and ammunition for euthanasia of whales 
larger than 7-8 m, as is publication of both successes and 
failures in use of firearms. 

The Department of Conservation in New Zealand (Marsh 
and Bamber 1999) has reported the development of a special- 
ized round and firearm for the humane euthanasia of sperm 


whales. They describe a specially designed 14.5 x 114 mm 
antiaircraft, 61 g, 12 L114 lead alloy bore-riding bullet with 
a flat tip. A firearm was also extensively modified to use 
this round effectively. The result was an 11.8 kg firearm that 
had a 2.4 m recoil, which must be operated standing side- 
ways. Operators require training and practice to prevent seri- 
ous injury to themselves. In field studies, two sperm whales 
were euthanized. One whale died after a single shot, and 
the second was rendered insensible by the first shot. In the 
second instance, a second shot gave the appearances of a 
dead whale, but the animal resumed breathing for another 
2.55 hours. Although successfully employed on additional 
occasions since (IWC 2014), this sperm whale euthanasia 
device has not gained wide acceptance. 

When considering ballistics for euthanizing cetaceans, 
three main components must be evaluated: () the size and 
anatomy of the animal; (2) the firearm and projectile to be 
used; and (3) the skill of the marksman. If any of these vari- 
ables are less than ideal, then ballistics should not be used. 
In the RSPCA’s Stranded Cetaceans: Guidelines for Veterinary 
Surgeons (1997), the authors suggest that it may be more 
humane to leave the animal to die on its own rather than 
applying any substandard method of euthanasia, especially 
in larger whales like sperm or baleen whales. The gravita- 
tional weight on the internal organs will likely induce a more 
humane death than repeated rounds of projectiles fired inac- 
curately, but may take a prolonged time (RSPCA 1997). 


Explosives 


Explosives have been used in attempts to euthanize larger 
whales that are difficult to euthanize by other means. These 
methods have been considered less acceptable, unacceptable, 
or simply unfavorably received, because of the tremendous 
soft-tissue damage, excessive noise, required expertise in the 
application of explosives G.e., human safety factor), and lack 
of reliability in some applications. The infamous exploding 
whale video, recording a large whale carcass disposal situa- 
tion in Oregon, USA (see account in Geraci and Lounsbury 
2005), cannot be equated to euthanasia per se, because this 
disposal method was used for an already dead whale; never- 
theless, it did cast a pall on the public’s perception of the use 
of explosives in large whales. The RSPCA in 1997 and 1998 
strongly discouraged the use of explosives. Recent advances 
have refined the technique considerably, however, and the 
AVMA considers the Coughran, Stiles, and Mawson (2012) 
explosive charge technique an acceptable method of eutha- 
nasia for stranded cetaceans when applied by a skilled and 
knowledgeable operator, assuming safety measures can be 
ensured (Leary et al. 2013). In fact, the instantaneousness of 
this technique is highly effective. 

There are two different techniques for using explosives. 
A charge can be placed externally, caudal to the blowhole, 
and sandbagged to direct the shock wave down toward the 
brain (cranial implosion, implosive decerebration; Coughran, 
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Stiles, and Mawson 2012). Alternatively, a charge can be 
placed inside the mouth (by a pole) at the base of the brain 
(Needham 1993; Geraci and Lounsbury 2005). The position- 
ing inside the mouth must be accurate, since the impact of 
the blast decreases rapidly with distance. Water-gel explosives 
(e.g., Powergel Magnum) are recommended based on their 
stability (relative safety) and availability for civil engineer- 
ing uses (Coughran, Stiles, and Mawson 2012). The whale 
must be stable (i.e., not rocking in the surf) in order that the 
charge not misdirect when detonated, and heavy equipment 
such as a bulldozer may serve a dual purpose of anchoring 
a stabilizing harness and providing a blast shield for person- 
nel. Electronic communication devices and overflying heli- 
copters must be restricted from the area to prevent premature 
detonation. Careful calibration of the charge is necessary to 
deliver sufficient force to kill the whale instantly, while at the 
same time not causing a visually disturbing massive crater or 
potential collateral damage (e.g., nearby window breakage). 
Explosives lie outside the usual skill set of veterinarians and 
marine mammal biologists; therefore, this is a procedure that 
must include properly trained and certified explosives experts. 
The reader is referred to Coughran, Stiles, and Mawson (2012) 
for additional important technical details. While not necessar- 
ily requiring veterinary expertise, the technique could ben- 
efit from the use of sedatives in the animal, especially when 
operating heavy stabilizing equipment near the whale and 
working in close contact to place the charges. Although effec- 
tive and humane when properly performed, expect to receive 
limited public acceptance or support regarding these explo- 
sive charge techniques in some parts of the word. 

Penthrite grenade harpoons used in commercial and sub- 
sistence whaling have limited application for euthanasia or 
humane killing of large whales, where such equipment exists 
(Greenland, Iceland, Japan, Norway, and Alaska, USA) and 
where their use is culturally accepted (IWC 2014; Barco et 
al. 2016). Despite major public perception concerns and geo- 
graphically limited availability of equipment and expertise, 
time to death can be rapid, depending on whale size and tar- 
geting (Lambertsen and Moore 1983; Knudsen and ®en 2003), 
and is more acceptable than leaving stranded whales to lin- 
ger in badly decompensating states (Daoust and Ortenburger 
2001; Kolesnikovas et al. 2012; Harms et al. 2014). 


Exsanguination 


Exsanguination is suitable only in extreme circumstances 
and is an acceptable adjunctive euthanasia technique only 
in anesthetized or unconscious animals (Leary et al. 2013). 
Time to death can be prolonged (19-40 minutes in two doc- 
umented instances; Barco et al. 2016), and the amount of 
blood can be disturbing to responders and onlookers alike. 
Exsanguination can be accomplished by severing major ves- 
sels in the ventral peduncle, although this technique involves 
personnel safety issues when attempted in large whales. 
Alternatively, major vessels in the axillary space and cranial 


to the heart can be severed with a long flat blade or whaling 
lance inserted through an intercostal space to produce intra- 
thoracic bleeding to the same effect, but with less external 
bleeding (Barco et al. 2016). Spinal lancing (WC 2014; Barco 
et al. 2016) is another whaling technique potentially appli- 
cable as an adjunctive, but not primary, euthanasia technique, 
in which the spinal cord and vertebral vessels supplying the 
majority of blood flow to the brain are severed. 


Verification of Death 


Death is commonly accompanied by terminal muscle activity, 
including limb or fluke movement, arching, and exhalation/ 
vocalization. Cetaceans typically beat their flukes in a “last 
swim.” Bystanders should be advised to expect these move- 
ments and that they occur after the animal has lost conscious 
perception. It is imperative that death be verified. The absence 
of a heartbeat is the only reliable confirmation of death in 
mammals; however, with large marine mammals in field situ- 
ations, it may not always be possible to detect a heartbeat. 
If an intracardiac needle is used to deliver euthanasia drugs 
and left in place after the injection, the loss of cardiac excur- 
sions can be detected via the needle. A portable ECG can 
detect loss of cardiac electric activity even in large cetaceans. 
If there is any doubt about confirmation of death, a second- 
ary physical means of euthanasia can be performed to ensure 
death (Close, Banister, and Baumans 1996). Physical methods 
include bilateral thoracotomy, exsanguination, and gunshot 
through the heart or brain. 


Carcass Disposal 


A thorough necropsy can both facilitate carcass disposal 
(smaller pieces) and complicate it (decreased ease of tow- 
ing). Carcass disposal is less of a problem with most pin- 
nipeds, otters, and small cetaceans but becomes problematic 
with large whales. In most cases, smaller carcasses can be 
transported for rendering, burial, composting, or incineration, 
or buried on site if heavy equipment is available. Disposal 
to landfill may be considered distasteful or lacking proper 
respect but is actually just another form of deep burial, and 
a properly lined landfill minimizes groundwater contamina- 
tion that could occur from carcasses containing pentobarbital 
euthanasia solution. For large carcasses, options are limited: 
a carcass may be left alone; buried on site; towed to sea and 
sunk or cast adrift; moved, composted, or rendered. Previous 
attempts to burn or blow up carcasses created more prob- 
lems than solutions and are not recommended (Geraci and 
Lounsbury 2005). A carcass left on a remote beach will provide 
food for scavengers and will decompose with time, and those 
that are sunk at sea provide habitat and food for numerous 
marine species. However, if there is any concern about con- 
centrations of euthanasia solution (particularly pentobarbital 
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or ultrapotent opioids) in the carcass, disposal methods that 
allow scavenger access are not acceptable. When deep burial 
or natural decay on the beach, or burial at sea, is not practi- 
cal, composting is the next best option. 

Limited information is available on tissue residue levels 
of anesthetic and euthanasia drugs in marine mammal car- 
casses. Low and presumably nonhazardous tissue concentra- 
tions of pentobarbital were found in a preliminary study in 
three gray whales and a pilot whale euthanized with pen- 
tobarbital at an estimated 20-40 mg/kg (Greer and Rowles 
2000). However, relay pentobarbital toxicosis to scaven- 
gers consuming euthanized animals has been documented 
(O’Rourke 2002; Campbell, Butler, and Lunn 2009), including 
one case where a dog feeding on a euthanized humpback 
whale became comatose, although the dog eventually recov- 
ered from the toxic effects with supportive care (Bischoff, 
Jaeger, and Ebel 2011). For this reason, euthanasia of marine 
mammals with pentobarbital-containing euthanasia solution 
is often ruled out by resource managers in protected areas 
such as national seashores, or near natural or aquaculture 
shellfish beds. A low-residue euthanasia technique in large 
whales using pre-euthanasia sedatives and analgesics (mid- 
azolam, acepromazine, and xylazine), followed by saturated 
KCl, was developed to meet the definition of euthanasia, 
while minimizing relay toxicity and environmental concerns 
associated with necessarily large drug quantities (Harms et al. 
2014). Although this is a lower-risk (but not zero-risk) tech- 
nique than using pentobarbital-containing euthanasia solu- 
tion, it is still recommended that acepromazine and xylazine 
IM injection sites be trimmed from the carcass and safely 
disposed of, particularly when the bulk of the carcass must 
remain in place. 

A carcass that is buried should be at a site approved by 
the local authorities or beach owners. The body cavity should 
be opened, and then buried deep, to ensure tissues are not 
reexposed and digging scavengers cannot find the carcass. 
Towing and releasing the carcass at sea is problematic, since 
bloated carcasses tend to float and may rebeach themselves 
at a later date or become a navigation hazard. Of about 10 
gray whale carcasses towed out to sea in California in 2000, 
6 returned to the beach (Cordaro pers. comm.). Cetacean 
carcasses should be towed by the tail, with the body cav- 
ity opened; carcasses, if hauled to sea, must be far enough 
offshore to prevent drifting back and have enough ballast 
attached to allow them to sink (Geraci and Lounsbury 2005). 
Carcasses that return to the beach can be costly (i.e., second 
disposal costs), produce negative public perceptions, and may 
significantly alter stranding statistics. Any carcass to be towed 
out to sea needs to be marked in some manner, such as tail 
fluke or lateral thoracic notching, so that it can be recognized 
as a previously stranded animal. 

Alternatively, an animal can be moved to another site for 
further study or more appropriate disposal. Some carcasses 
may need to be cut into smaller pieces for adequate disposal. 
Rendering plants, commercial incinerators, and veterinary 


schools may accept marine mammal carcasses. Composting 
remains a good-land based disposal option, too (Early et al. 
2008). It is important to set up these coordinated plans for 
carcass disposal with colleagues and local agencies prior to 
an actual event occurring. Commercial trade in marine mam- 
mal parts is prohibited under the US Endangered Species Act 
and the US Marine Mammal Protection Act; therefore, car- 
casses or parts of carcasses cannot be sold. 


Conclusions 


Euthanasia is difficult. It is emotionally hard and often physi- 
cally demanding to euthanize a marine mammal. Deciding 
to euthanize an animal and carrying out the act are difficult 
decisions, where emotions must be suppressed in order to 
work as efficiently and humanely as possible. Even though 
we know we are relieving animal suffering in accordance 
with the veterinarian’s oath, and we know, as well, from 
experience and training, that this is the best (or least bad) 
option available for the animal, it can still take a toll. Do not 
hesitate to ask for, give, and accept support, internally or from 
outside sources, for yourself and for those who are working 
with you in these emotionally charged circumstances. 
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Introduction 


The group of mammals collectively referred to as “marine 
mammals” has no true basis in taxonomic reality, but instead 
is a grouping of mammals that share a common trait of hav- 
ing “returned to the ocean” at some point in their evolution- 
ary history. Despite the fact that all of these species now 
make their living in the aquatic environment, they vary in 
their prey preferences and nutritional and energy require- 
ments. As a consequence, husbandry of marine mammals is 
often more of a process of trial and error that relies heavily on 
anecdotal observation than a science, primarily due to lack 
of data on specific nutritional and energetic requirements of 
many species. 

No more than a handful of species have been studied 
adequately in the wild, and even fewer species are regularly 
held or studied under controlled conditions within research 
or public facilities. Further, many of the requirements of wild 
marine mammals may not be equivalent to their counter- 
parts in aquariums, who may lead very different lifestyles 
and have access to different prey sources. This lack of basic 
data need not impede a general understanding of proper care 
for marine mammals under human care. For example, the 
details of bioenergetics for a particular species are less impor- 
tant than the concepts that may be extended to any species; 
and there is a strong tradition of bioenergetics studies on 
marine mammals. Thus, the emphasis of this chapter will 
be on surveying the available knowledge of marine mammal 
energetics and nutrition, both for animals in the wild and 
those under human care. The focus will be on understanding 
how energy budgets and food requirement of marine mam- 
mals under human care change with age, season, and holding 
conditions. Relatively less research has been conducted in the 
field of marine mammal nutrition. Rather than provide a gen- 
eral primer on mammalian nutrition, we have concentrated 
on identifying specific nutritional concerns related to holding 
marine mammals in an artificial environment. While we will 
provide specific details whenever possible, the purpose of 
the exercise is to provide comparative information to enable 
caregivers to make the most informed decisions. 


Understanding Basic 
Energy Requirements 


The most important facet of animal husbandry is to provide 
sufficient food to meet the daily energetic and nutritional 
needs of the animal. In this first section, we focus solely on 
energetic requirements; specific nutritional requirements will 
be addressed later in the chapter. The magnitude of energy 
required is a function of body size, activity level, reproduc- 
tive state, thermoregulatory expenses of the animal, and 
whether or not the animal is actively growing. These energy 
expenditures are collectively referred to as the daily energy 


expenditure (DEE). These requirements can be conveniently 
subdivided into two functional components: maintenance 
energy and production energy. Maintenance energy costs 
include basal (or resting) metabolism, thermoregulation, and 
the cost of locomotion. Production energy results from invest- 
ment in growth, or the production of new offspring Gnclud- 
ing lactation). 

Predicting the energetic requirements of marine mam- 
mals has been an ongoing field of study, both for ensuring 
adequate care of animals under human care, as well as for 
determining the resource requirements and ecological impact 
of wild marine mammal populations. The energy require- 
ments of wild marine mammals have been estimated from 
either direct measurements of energy expenditure (most typi- 
cally using doubly labeled water turnover rates; Iverson et al. 
2010) or through the construction of mathematical bioener- 
getic models. These predictive models are structured around 
basic bioenergetic frameworks. While there is still disagree- 
ment over whether marine mammals within facilities have 
the same energetic requirements of their wild counterparts, 
an understanding of these basic concepts is important for 
understanding the sources of variation in energy and food 
requirements. 

There have been a number of studies that have directly 
monitored food (or energy) intake in managed pinnipeds. 
Perhaps not surprisingly, these studies all noted a relationship 
between food intake and factors such as proximate composi- 
tion (or energy density) of food, water temperature, growth 
rate of juveniles, pregnancy, and activity level. An appre- 
ciation of the relative costs of each of these parameters is 
essential in understanding energetic requirements of marine 
mammals. 

The energy intake (food) requirements of marine mam- 
mals can be both visualized and quantified through a bioener- 
getic scheme. The bioenergetic scheme is a useful framework 
to describe the flow of energy through an individual or a 
population. More specifically, these schemes represent both 
the energy requirements of various physiological process of 
an individual, as well as the digestive process (and associ- 
ated inefficiencies) resulting from ingestion of food to satisfy 
these requirements. Specifically, using estimates of the vari- 
ous individual components of the energy budget (e.g., resting 
or basal metabolism, cost of locomotion, thermoregulation, 
and growth) allows us to estimate the total energy require- 
ment of an individual marine mammal. The next question is, 
“How much food is needed to meet these requirements?” Not 
all of the energy and nutrients an animal ingests are available 
to it for maintenance, growth, and reproduction; a relatively 
large amount is lost as waste. Bioenergetic schemes take into 
account how efficient the body is at absorbing and processing 
the energy and nutrients it ingests, and how it subsequently 
allocates whatever energy and nutrients are absorbed. 

There are two basic schemes in use today; one was sug- 
gested by the International Biological Programme (Humphreys 
1979) and the other by the National Research Council (98D. 
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Gross energy 
intake (GEI) 


Fecal energy 


Digestible 
energy (DE) 


Urinary energy 


Metabolizable 
energy (ME) 


Heat increment 
of feeding 


Net energy (NE) 


Energy consumption 

+ Resting metabolism 
« Activity 

+ Thermoregulation 

+ Maternal investment 


Energy retention 
« Energy stores 
+ Growth 


Figure 29.1 Bioenergetic scheme detailing flow of energy (including 
waste products) from gross energy intake from food to final use for basic 
maintenance and discretionary functions. Note that tissues act as both 
an energy reserve and energy source. (Adapted from Lavigne, D.M. 

et al., Pinniped bioenergetics. In Mammals in the Seas, 191-235. Rome, 
Italy: Food and Agriculture Organization (FAO), 1982.) 


These schemes share many features, differing primarily in 
how the various losses of energy are arranged. Although 
variations that are more accurate representations of the physi- 
ological processes operating within the animal have been 
suggested, it is more practical to quantify the various com- 
ponents using simplified schemes. Figure 29.1 represents a 
variation of the simplified schematic, emphasizing the rela- 
tionship between the energy derived from food intake, the 
various avenues of digestive losses, the main energetic costs 
of an animal’s energy budget, and the reversible role of body 
stores to sequester excess intake and provide addition energy 
resources. The discussion in this chapter closely mirrors this 
schematic. 

As already noted, bioenergetic schemes can be directly 
used to predict the food requirements of individual marine 
mammals under human care. In practice, this is rarely done. 
However, examining the individual components of the bio- 
energetic scheme provides a clearer understanding of how 
environmental and physiological variables will affect over- 
all food energy requirements, and how their impact can be 
estimated. 


Metabolic Rate 


The foundation of every animal’s energy budget is basal met- 
abolic rate (BMR). BMR defines the maintenance, operating 


metabolism of an organism (i.e., the energy required to sus- 
tain life processes of an animal in a resting state), and includes 
energy used to maintain vital cellular activity, respiration, and 
blood circulation. In the 1930s and 1940s, equations relating 
BMR and body size were developed (Kleiber 1932; Benedict 
1938, Brody 1945). These relationships can be used to predict 
the BMR (Gin watts, which is the same as J sec!) of an aver- 
age mammal, if you know its body mass (M in kg). The best 
known of these relationships is the “mouse to elephant” curve 
produced by Kleiber (1975), where BMR is estimated using 
the equation 


BMR = 3.4 M°”? 


Expressing metabolic requirements in watts is not very 
convenient for the calculation of energy intake and there- 
fore can be converted to kilojoules per day* (kJ day!; 1 W = 
86.4 kJ day!) where 


BMR = 293 M75 


In describing the relationship between body mass and 
BMR, Kleiber emphasized that BMR determinations must meet 
a rigid set of criteria. Only those metabolic rates measured: 
(1) on mature animals; (2) within their thermoneutral zone (that 
range of ambient temperatures in which the metabolism of 
endotherms is lowest); (3) in the post-absorptive state (post- 
prandial); and (4) while resting (but not asleep) are accept- 
able as measures of basal metabolism. The violation of any 
of these conditions can result in a doubling or tripling of 
metabolic rate. These standardized conditions are critical if 
one is to be able to compare data either intra- or interspecifi- 
cally. It is also worth noting that “basal” metabolic rate is not 
actually the lowest possible metabolic rate measurement; for 
example, lower metabolism is exhibited in sleeping or hiber- 
nating mammals. However, BMR does provide a standard- 
ized, physiologically meaningful measure that can be used to 
compare energy requirements within and across individuals. 

The reason it is important for estimates of BMR to meet 
Kleiber’s criteria is that elevated metabolic rates are exhibited 
when animals are either active, forcibly restrained (stressed), 
not post-absorptive, or not under thermoneutral conditions. 
Immature mammals, which are actively growing, have meta- 
bolic requirements approximately two times that predicted 
for adult mammals of similar size (Brody 1945; Calder 1984). 
Hence, data collected from young mammals should not be 
extrapolated to adults of the same (or other) species without 
taking this inherent elevation of metabolic rate into account. 
Resting metabolic rate (RMR) is a term applied to standard- 
ized measures of metabolism that meet all of Kleiber’s con- 
ditions, except that individuals are growing or pregnant. To 
add to the confusion, Bligh and Johnson (1973) suggested 


* Note that kilojoules (kJ), the SI unit for energy, is used throughout this 
chapter, and mass is expressed in kilograms (kg) (see Appendix 4: 
Conversions). 
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using the term “standard metabolic rate” (SMR), but this is 
now used primarily for ectotherms under specific tempera- 
ture conditions. 

Whether marine mammals conform to Kleiber’s general 
mammalian allometric equation has been a source of contin- 
ued scientific debate. For decades, evidence led scientists to 
believe that the energy requirements of marine mammals are 
considerably higher than those of terrestrial mammals of sim- 
ilar size Urving, Solandt, and Solandt 1935; Scholander 1940; 
Scholander, Irving, and Grinnell 1942; Irving and Hart 1957; 
Hart and Irving 1959; Kanwisher and Sundnes 1966; Brodie 
1975; Snyder 1983). These high rates were originally thought 
to result from the need of the animal to cope with the thermal 
stresses of the cold aquatic environment, as well as a reliance 
on high-protein diets. High metabolic rates require high food 
intakes, and these presumed high demands were the reasons 
cited for marine mammals having (presumed) large impacts 
on commercial fish stocks. 

However, these aforementioned studies demonstrat- 
ing a high basic energy requirement for marine mammals 
were beginning to be contradicted by an equally large body 
of empirical studies that suggested pinnipeds, and possibly 
adult odontocetes, may have metabolic rates that are similar 
to those predicted by Kleiber’s equation for terrestrial mam- 
mals of similar size, if Kleiber’s four criteria are met (@ritsland 
and Ronald 1975; Hampton and Whittow 1976; Parsons 1977; 
Gallivan and Ronald 1979; Gaskin 1982; Lavigne et al. 1982; 
Schmitz and Lavigne 1984; Innes et al. 1987; Worthy et al. 
1987; Boily 1996; Hansen and Lavigne 1997). These individual 
studies would suggest that marine mammals do not require 
any more food (energy) than comparably sized terrestrial 
mammals. This hypothesis was supported by a comparative 
analysis by Innes et al. (1987) who found that daily main- 
tenance rates of energy ingestion for adult pinnipeds were 
not significantly different from those of adult terrestrial carni- 
vores, and were about 28% lower than terrestrial carnivores 
when mustelids were excluded. 

Part of the discrepancy in results from individual stud- 
ies of marine mammal metabolism is that it is often difficult 
to conduct studies on marine mammals that satisfy Kleiber’s 
original criteria for basal metabolic rate. Perhaps the most 
commonly violated assumption is that the animal is “calm,” but 
many studies also fail to meet other criteria (or do not explic- 
itly state whether they were met). This lack of conformity was 
highlighted in two reviews that both concluded that much 
of the available data for marine mammal metabolic require- 
ments did not explicitly meet the criteria for BMR. A review 
by Lavigne et al. (1986) concluded that most studies of otariid 
and cetacean metabolism (as of that time) had to be excluded 
due to potential methodological flaws. Further, Lavigne et al. 
(1986) concluded there was no significant difference between 
the metabolic rates of adult phocid seals and those of ter- 
restrial mammals when determinations met Kleiber’s criteria. 
They also contended that some data for odontocetes, which 
met Kleiber’s criteria, were also not significantly different 


from terrestrial mammals. A later review by Hunter (2005) 
reassessed the available scientific literature to identify studies 
that clearly satisfied Kleiber’s criteria for BMR. This resulted in 
a database of estimates for six species of cetaceans, five spe- 
cies of phocid seals, as well as one otariid (California sea lion; 
Zalophus californianus), the Amazonian manatee (Trichechus 
inunguis), and the sea otter (Enhydra lutris). She found that 
the slope of the resulting allometric equation 


BMR = 525 mMo714 


was significantly different than Kleiber’s equation, partly 
because her analysis incorporated no variance associated 
with Kleiber’s predictive line. However, she also noted that 
most of the data for large marine mammals fell within the 
95% confidence intervals for Kleiber’s prediction. Only the 
basal metabolism of smaller marine mammals (perhaps most 
importantly including sea otters) fell above these limits. 

Williams et al. (2001) constructed a comparative allome- 
tric equation for six different marine mammal species (includ- 
ing three cetaceans, two pinnipeds, and the sea otter) and 
found that the BMR of carnivorous marine mammals ranged 
from 1.4- to 2.8-fold that predicted by Kleiber for terrestrial 
mammals. They further suggested that the higher metabolic 
rates generally reported for marine mammals were a result 
of longer small intestines required for their specific type 
of marine carnivory. As such, they suggested a better com- 
parative predictive equation of the basal metabolic rates for 
marine mammal is the scaling equation for (both aquatic 
and marine) vertebrate-eating mammals presented in McNab 
(1988). However, even within this subgroup of similar food 
habits, differences remained in BMR between marine and ter- 
restrial groups. 

To date, there appears to be no overall consensus on 
whether marine mammals generally have elevated metabolic 
requirements in comparison to terrestrial mammals. Perhaps 
the most productive way to address the issue of marine mam- 
mal metabolic rates is to reframe the question in terms of 
understanding the potential causes of observed natural varia- 
tion. Certainly, there are notable differences between study 
results of different species that all seem to have accurately 
measured BMR. Rechsteiner et al. (2013b), building on data 
previously summarized in Costa and Williams (1999), found 
that the allometric equation across six species of cetaceans 
was ~2X greater than Kleiber’s line. However, there was con- 
siderable variation between species that may accurately reflect 
basic physiological differences. For example, white-sided 
dolphins (Lagenorhynchus obliquidens) seem to consistently 
have BMR almost 3x Kleiber, while metabolism in an individ- 
ual mature beluga whale Welphinapterus leucas, Rosen and 
Trites 2013) demonstrated a BMR only slightly above the ter- 
restrial line, as was also seen in the metabolic rate of a single 
killer whale (Orcinus orca; Worthy et al. 2014) (Figure 29.2). 

Sea otters, which are often excluded from interspecific com- 
parisons, have been consistently reported to have elevated 
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metabolic rates about 2.5 times higher than Kleiber’s predic- 
tions (Morrison, Rosenmann, and Estes 1974). 

Sirenians are another unique metabolic case that may 
partly be the result of their foraging strategies. Data suggest that 
adult (Scholander and Irving 1941; Gallivan 1980; Irvine 1983; 
Miculka and Worthy 1995) and juvenile manatees (Jrichecus 
sp.; Miculka and Worthy 1995) possess metabolic rates that 
are only 25-30% of predicted values for terrestrial mammals, 
resulting in a lack of cold tolerance. Given their herbivorous 
feeding habits, slow lifestyle, and evolutionary history, these 
low rates should not be overly surprising (McNab 1980). 


Thermoregulation 


The thermoneutral zone (TNZ) in endotherms is the range of 
environmental temperatures where no additional metabolic 
energy production is necessary to maintain body tempera- 
ture, such that metabolic rates are independent of environ- 
mental temperature (Commission for Thermal Physiology of 
the International Union of Physiological Sciences 1987). Its 
lower end is defined as the lower critical temperature (T,,) 
and is the point where physiological variations in thermal 
conductance are insufficient to keep heat production in bal- 
ance with heat losses. Below the T,<, metabolic rate increases 
linearly with decreasing environmental temperatures. At the 
upper critical temperature (T,,.), metabolic rate increases as 
a result of the additional work necessary to dissipate heat. 
Although many studies have concentrated on specific compo- 
nents of the energy budgets of marine mammals, only a subset 
have studied thermoregulatory capabilities, either in air or in 
water. From a practical perspective of animals under human 
care, knowing an individual's TNZ is an important consid- 
eration for adequate care, so as to not induce heat stress or 
unwanted drops in body temperature. On a less acute level— 
and perhaps most relevant to the focus of this chapter—is the 
fact that thermoregulatory demands will directly affect food 
energy requirements (see below). 

The scope (range of temperatures) of the TNZ is depen- 
dent on a number of anatomical and physiological factors 
(Angilletta 2009). For example, smaller species and younger 
animals of a given species have greater surface area-to- 
volume ratios, meaning they possess relatively greater sur- 
face areas of potential heat loss compared to their “thermal 
mass” (volume), which produces and retains heat. As a result, 
smaller individuals potentially experience greater rates of 
heat loss than larger ones. Heat loss is mitigated in many 
marine mammals through use of an external blubber layer as 
their primary insulation, while a few G.e., sea otters, fur seals) 
primarily rely on their pelage. The advantage of a blubber 
layer is that selective profusion or vasoconstriction can be 
used to control heat loss at the surface, which is not an option 
available to fur-reliant species. However, both strategies also 
take advantage of flippers and fins as controlled heat radia- 
tors (Castellini and Mellish 2015). 


The relationship between insulation, energetic require- 
ments, and thermoregulation is complex. First, many marine 
mammals use their blubber layer as both an energy reserve 
and insulating barrier. If animals are maintained below T;<, 
the resulting rise in metabolism is often mirrored with a con- 
comitant increase in food consumption (Angilletta 2009). 
With prolonged exposure to temperatures below the TNZ, 
many mammals will increase their food intake sufficiently 
to increase their insulative layer, resulting in a compensa- 
tory shift in the TNZ and a decline in associated metabolic 
requirements. Conversely, if energy intake is insufficient to 
cover increased thermoregulatory costs, this will further 
deplete the insulative blubber layer, leading to a consequent 
increase in thermoregulatory costs. This can potentially lead 
to a spiral of escalating costs (Rosen, Winship, and Hoopes 
2007). If animals are maintained above their T,,., overheating 
and death may occur if physiological heat dumping is insuf- 
ficient and if no behavioral mitigation is possible (including 
posture, conspecific proximity, microclimate selection, and 
deceased movement). 

A number of studies have attempted to define the TNZ 
in marine mammals. Many early studies examined the effect 
of environmental temperature (either air or water) on body 
temperature or skin temperature (Irving et al. 1962; @ritsland 
1968; Ray and Smith 1968; @ritsland and Ronald 1973; 
McGinnis 1975; Whittow, Matsuura, and Ohata 1975). These 
types of measurements cannot be used per se to define the 
TNZ because they are part of a marine mammal’s suite of 
thermoregulatory adaptations, and do not necessarily incur 
an added energetic cost (MacArthur 1989). 


Phocids 


Studies of the TNZ of marine mammals have generally con- 
centrated on northern phocids, with a number of studies com- 
paring the TNZ in air and water. This comparison is important 
given that differences in the conductivity of the two mediums 
mean that potential rates of heat loss are greater in water than 
in air of a similar temperature. These comparative studies 
have an ecological and developmental basis, given species- 
specific differences in what environment young pups or molt- 
ing animals spend their time (see Fasting and Starvation). The 
TNZ of adult harp seals (Phoca groenlandica) is very broad, 
ranging from 0°C to 30°C (32°F to 86°F) in water (Irving and 
Hart 1957; Gallivan and Ronald 1979). Recently weaned harp 
seal pups undergoing their normal postweaning fast also dis- 
played a large potential TNZ, exhibiting no change in meta- 
bolic rate when in water ranging from 1°C to 10°C (34°F to 
50°F) or in air ranging from ~10°C to 20°C (50°F to 68°F; 
Worthy and Lavigne 1987). Similar results were reported for 
young gray seals (Halichoerus grypus) commencing their 
postweaning fast in both air and water (Worthy and Lavigne 
1987; Boily 1996). Parsons (1977) examined TNZ in a single 
young ringed seal (Phoca hispida) and determined no change 
in metabolic rate over the range of 13-36.5°C (55—98°F) in 
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water. The T,,. in water for young harbor seals (Phoca vitu- 
lina) was found to be a function of season and body size, 
with higher T,, in summer (~20°C or 68°F) than in winter 
(13°C or 55°F, Hart and Irving 1959), when insulation was 
approximately 30% greater (Irving 1973). TNZ in air for juve- 
nile harbor seals ranged from 13°C to 29°C (55°F to 84°F), 
and seals became hyperthermic at air temperatures of 32.5- 
35°C (90-95°F; Hansen, Lavigne, and Innes 1995; Hansen and 
Lavigne 1997). These studies also illustrate the common trend 
for a widening of the TNZ with age, with an 11°C (20°F) drop 
in the T,, in the first year of life. 


Otariids 


Less information exists on the thermoregulatory capabilities 
of otariids. Sea lions are more commonly found in temperate 
waters and have a thinner blubber layer and a greater uninsu- 
lated flipper surface area than phocids (Castellini and Mellish 
2015). The majority of otariid thermoregulatory studies have 
been carried out with California sea lions. One study found 
that the lower critical temperature of adult sea lions in water 
was 6.4°C (44°F), while the lower critical temperature in juve- 
nile sea lions was determined to be somewhere above 12°C 
(54°F; the maximum tested temperature; Liwanag et al. 2009). 
An earlier study reported that the T,, for immature California 
sea lions held in water is approximately 15°C (59°F) and the 
Tyc is approximately 25°C (77°F; Liao 1990). There is evidence 
that immature sea lions make extensive use of heat generated 
through locomotion to maintain overall thermal homeostasis. 
In comparison to thermoregulatory capacity in water, sev- 
eral studies have reported no increase in metabolic rate at air 
temperatures as low as 10°C (50°F; Matsuura and Whittow 
1973; South et al. 1976). However, California sea lions are 
apparently unable to deal with high environmental air tem- 
peratures, resorting to behavioral means of thermoregulating 
(Whittow, Matsuura, and Lin 1972). The Ty. of this species in 
air is reportedly between 22°C and 30°C (between 68°F and 
86°F), with smaller animals able to cope with higher tempera- 
tures (Matsuura and Whittow 1973; South et al. 1976). 

The metabolism of juvenile Steller sea lions (Ewmetopias 
jubatus) increased in water below 6-8°C (43—46°F; Rosen and 
Trites 2003). Rosen and Trites (2014) found no apparent lower 
critical temperature under a wide range of seasonal ambi- 
ent air temperatures in young northern fur seals (Callorhinus 
ursinus), but did identify T,. ranging from 3.9°C to 6.8°C 
(39°F to 44°F) for fur seals in water. These values partially 
overlap with the range of lower critical temperatures in water 
of 6.6-11.1°C (44-52°F) reported for three 7-month-old male 
northern fur seals born in California (Liwanag 2010). 

The effect of environmental temperature on fur seal 
energetics should be more apparent in the water, given the 
increased conductivity of the medium (as seen in phocids), 
coupled with decreased insulation generally associated with a 
wetted pelage (Irving 1969). Blix et al. 979) found that very 
young northern fur seal pups were able to maintain body 


temperature in air as cold as 0°C (32°F), partly through shiv- 
ering at lower temperatures. However, body temperature of 
fur seal pups when wetted or submerged in water at 10°C 
(50°F) or lower quickly decreased, likely as an adaptation to 
limit the effective thermal gradient and subsequent heat loss. 
The lower critical temperatures of young northern fur seals 
closely mirror the southward progression of winter water tem- 
peratures in the Bering Sea and North Pacific, indicating that 
their migration may be partly constrained by this environ- 
mental variable (Rosen and Trites 2014). However, older fur 
seals appeared thermally neutral in all seasons for all water 
temperatures tested (2-18°C; 36-64°F), except during the 
summer when metabolic rates were higher in the 2°C (36°F) 
water (Dalton, Rosen, and Trites 2014). 

Rates of oxygen consumption for adult northern fur seals 
in ambient air (18°C; 34—-65°F) were not related to envi- 
ronmental temperature. This broad TNZ indicates wild fur 
seals can likely exploit a large geographic area without added 
thermal metabolic costs. On the other hand, there have been 
suggestions that small-scale movements of lactating female 
otariids are frequently in response to elevated air tempera- 
tures (Gentry 1973; Campagna and Le Boeuf 1988; Francis and 
Boness 1991). Female Juan Fernandez fur seals (Arctocephalus 
phillipii) tend to enter the water in the afternoon, when solar 
radiation is greatest and when air temperatures exceed 20°C 
(68°F; Francis and Boness 1991). 

Apparent differences in thermoregulatory capacity of pin- 
nipeds in air and water highlight an issue specific to animals 
within facilities. Rate of heat loss is partly determined by 
conductivity of their medium. For example, the conductivity 
of water is ~26x that of air, and therefore low water tem- 
peratures are often more of a concern than low air tempera- 
tures. However, the conductivity of concrete often used in 
the haul-out spaces of pinniped habitats has an even higher 
conductivity. As a result, heat loss to such surfaces can reach 
significant levels even when outside air temperatures are rela- 
tively moderate. 


Cetaceans 


Relatively little is known about the specific thermoregulatory 
capabilities of cetaceans. Some models predict that large ceta- 
ceans have insulation far beyond maximum environmental 
thermoregulatory requirements (Lavigne et al. 1990; Watts, 
Hansen, and Lavigne 1993). However, smaller cetaceans are 
more likely to experience water temperatures outside of their 
TNZ. Parry (1949) inferred from his studies on the insulation 
of harbor porpoise (Phocoena phocoena) that small cetaceans 
are obliged to remain active in order to maintain body temper- 
ature. Alternately, Kanwisher and Sundnes (1966) contended 
that small cetaceans such as the harbor porpoise must main- 
tain an elevated metabolic rate in order to remain thermoneu- 
tral. Indeed, data for the Atlantic bottlenose dolphin (Jursiops 
truncatus) and the Hawaiian spinner dolphin (Stenella longi- 
rostris) indicate that these species depend upon the energy 
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produced by activity and feeding (see Heat Increment of 
Feeding), as well as marked control over peripheral blood 
flow, to maintain thermal balance (Mackay 1964; Hampton 
et al. 1971; McGinnis et al. 1972; Hampton and Whittow 1976). 
This suggests that these small odontocetes should show a 
strong correlation between food consumption and water 
temperature. Bottlenose dolphins acclimated at spring water 
temperatures of 15.4°C (60°F) had a TNZ that ranged from 
5.9°C to 23.0°C (43°F to 73°F; Williams et al. 2001). However, 
bottlenose dolphins under human care display high levels of 
swimming activity and parallel increased levels of food intake 
during the winter months when water temperatures decrease 
(Williams et al. 2007). 

Part of the difficulty in modeling the thermoregulatory 
capacity of cetaceans (or indeed any marine mammal) is that 
the results greatly depend upon the model parameters (Watts, 
Hansen, and Lavigne 1993). This is made difficult by the fact 
that marine mammals can alter their thermoregulatory capa- 
bilities (1) through changes in the extent of the blubber layer, 
(2) through the composition of the blubber, and (3) by alter- 
ing the size of “thermal windows” along their bodies. 

Cetaceans and other marine mammals undergo seasonal 
changes in the extent of their subcutaneous/hypodermal 
blubber layer. While this is partly a result of blubber’s role 
as an energy reserve, its importance in seasonal thermo- 
regulatory capacity in small marine mammals cannot be 
discounted. Data from wild Atlantic bottlenose dolphins in 
Sarasota Bay, FL, show seasonal changes in blubber depth 
related to changes in water temperature. In winter, when 
water temperatures average 20°C (68°F), blubber depths were 
significantly greater at key locations compared to in summer 
when water temperatures increased to 30°C (86°F; Meagher 
et al. 2008). Despite changes in blubber depth, heat flux val- 
ues in winter across the body wall were similar to or greater 
than summer values (depending on specific anatomical loca- 
tion), likely as a result of a greater thermal gradient with the 
environment. Yet, the daily energy expenditure of subadult 
and adult male bottlenose dolphins living in this same area 
was 4.2-5.3 times the predicted BMR in summer and only 3.1 
times the predicted BMR in winter months (Costa et al. 1995). 
The seemingly counterintuitive drop in total energy needs in 
winter could be due to a number of factors, but it clearly sug- 
gests that thermoregulation is not a serious issue. 

Another method for controlling heat loss in small ceta- 
ceans may relate to the quality of their insulation, as suggested 
by differences in thermal characteristics between harbor por- 
poise and Pantropical spotted dolphin (Stenella attenuata) 
blubber. Worthy and Edwards (1990) and Worthy (1991a) have 
demonstrated that harbor porpoise blubber has 92.6% lipid 
compared to only 54.9% in spotted dolphins. This difference 
in lipid content, in conjunction with thicker blubber, results 
in harbor porpoises having insulation that is four times as 
effective as that of spotted dolphins (Worthy and Edwards 
1990). Worthy 991a) reported that, in addition to these two 
species, Pacific white-sided dolphins, common dolphins 


(Welphinus delphis), and bottlenose dolphins also showed 
modifications to blubber lipid content which were related to 
insulative quality. The lipid content of blubber in cetaceans is 
known to be affected by environmental temperature changes 
(Aguilar and Borrell 1990) and seasonal changes in both prey 
quality and availability (Ross and Cockcroft 1990; Scott, Wells, 
and Irvine 1990). In addition to the seasonal shifts in blub- 
ber lipid content (Worthy 1991a), bottlenose dolphins also 
demonstrate changes in fatty acid composition of the blubber 
layer (Samuel and Worthy 2004). Atlantic bottlenose dolphins 
also show developmental changes in blubber quality, while 
blubber quantity remains stable (Dunkin et al. 2005). 
Cetaceans, like other marine mammals, do not normally 
lose heat uniformly across their bodies, but rather through 
specific areas often referred to as “thermal windows” that are 
characterized by high but variable blood flow and lower insu- 
lation (Castellini and Mellish 2015). The localized circulatory 
control allows for variable heat loss and retention, as required. 
Several studies (e.g., Noren et al. 1999; Williams et al. 1999) 
have demonstrated that diving bottlenose dolphins reduce 
heat flow at peripheral thermal windows (by 35% at the dorsal 
fin and by 24% at the flank). This would limit thermoregula- 
tory costs when the potential for heat loss was greatest (due 
to convective loss), and is likely a common adaptation among 
cetaceans (Elsner, George, and O’Hara 2004). These data sug- 
gest that harbor porpoises and other small cetaceans may 
not require elevated metabolic rates at water temperatures as 
low as 10-15°C (50-59°F; Yasui and Gaskin 1986; Worthy and 
Edwards 1990). In fact, the T,, for bottlenose dolphins in water 
has been found to range from 5.5°C to 10.6°C (42°F to 51°F; 
Yeates and Houser 2008). The T,< also generally decreased 
with increasing animal mass, such that dolphins in excess 
of 187 kg had a Ty, of 5.5-5.7°C (41.9-42.2°F). No T,. could 
be determined across the range of air temperatures tested, 
although some dolphins demonstrated more rapid, shallow 
respiration at colder temperatures (Yeates and Houser 2008). 


Sea Otters 


The differences in thermoregulatory capacity in air and water 
for sea otters are similar to otariids. The few studies of sea 
otters have suggested that they face thermoregulatory chal- 
lenges, despite their famously thick pelage. This fur serves 
as adequate insulation across a wide range of air tempera- 
tures (-2°F to 70°F; -19°C to 21°C; Morrison, Rosenmann, and 
Estes 1974), although there were indications of potential heat 
stress (‘animals appeared sedated”) at the upper end of this 
range. In contrast, minimal critical temperature in water has 
been estimated to be 7°C (45°F), consistent with the greater 
conductance of water and the lower insulative value of wet- 
ted fur Arving 1969). Still, even at water temperatures above 
the lower critical value, the metabolism of resting sea otters 
was about 20% higher than when resting in air. However, 
sea otters have been shown to minimize thermal stress by 
augmenting BMR with periodic bursts of muscular activity, or 
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Figure 29.2 Reported resting metabolic rates 
of dolphins and porpoises in relation to body 
mass. The data are from studies of (1) har- 

bor porpoise (Karandeeva, Matisheva, and 
Shapunov 1973); (2) and (3) Pacific white-sided 
dolphins (Ohizumi et al. 2009; Rechsteiner, 
Rosen, and Trities 2013b, respectively); (4), 

(5), and (6) bottlenose dolphin (Karandeeva, 
Matisheva, and Shapunov 1973; Williams, Friedl, 
and Haun 1993; Williams et al. 2001, respec- 
tively); (7) a male beluga whale (Rosen and 
Trites 2013); (8) and (9) female and male killer 
whales (Kriete 1995); and (10) a male killer whale 
(Worthy et al. 2014). The resulting allometric 
equation is fit to all of the data (solid green). 
Lines (dashed blue) representing Kleiber’s (1975) 
equation of RMR for adult terrestrial mammals 
and 2x RMR are provided for comparison. 
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utilizing heat generated by feeding to maintain body temper- 
ature in cold water temperatures (Costa and Kooyman 1984). 


Manatees 


Irvine (1983) reported the T,,. in water of three captive West 
Indian manatees (Trichechus manatus) weighing 356-494 ke 
was approximately 24°C (75°F), but that they displayed no 
response to cold air (0-20°C; 50-68°F). Miculka and Worthy 
(1995) collected metabolic rate data from a total of 13 West 
Indian manatees ranging in mass from 125 to 634 kg. They 
found that, for individuals more than 300 kg, the Ti. was 
approximately 19-20°C (66-68°F), and individual animals 
increased their metabolic output by almost 100% when tem- 
peratures dipped to 15°C (59°F). This suggests these animals 
are capable of dealing with cold, for at least some period of 
time, paralleling what is observed in the wild. In contrast, 
younger animals <300 kg were more susceptible to cold due 
to an apparent inability to increase their metabolic rate at low 
temperatures. Even at temperatures as low as 16°C (61°F), 
these animals showed no indication of an increase in meta- 
bolic heat production, even though they became lethargic and 
began holding their pectoral flippers close to their body in an 
apparent attempt to conserve body heat. This would quickly 
result in hypothermia and death if left even for a few hours. 
Similarly, Gallivan et al. (1983), in a study of two small («200 kg) 
Amazonian manatees, also noted an apparent limited capac- 
ity for thermogenesis. Any measured increase in metabolism 
below their T,, (22—23°C; 72-73°F) was due to an increase in 
activity, and their primary mechanism for thermoregulation 
appeared to be changes in peripheral vasoconstriction. The 
apparent inability to increase their metabolic rate in response 
to cold temperatures is puzzling, since in most mammalian 
species this response is independent of age. To offset these 
metabolic insufficiencies, manatees respond to cold weather 
by relocating to thermal refugia, such as natural springs or 
warm water effluent from power plants or coastal industries 
(Reynolds and Wilcox 1985). This response to cold weather 
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conditions is a learned response, with mothers introducing 
their offspring to warm-water refugia during the prolonged 
period of maternal dependence common to these species. 


Summary 


Overall, the temperature regimen of any animal must be taken 
into account when calculating total energy requirements. 
Ideally, the animal is kept within its TNZ, and therefore requires 
no additional energy to maintain body temperature. When this 
is not possible Gncluding due to the fact an animal has recently 
been relocated from a different thermal environment), energy 
needs may be several times what might otherwise be expected, 
if based strictly on body size and activity. For many species, the 
insulative layer will increase as an adaptive response with suf- 
ficient time and food intake, and a reassessment of metabolic 
needs may be required to prevent obesity. 


Locomotion 


Locomotion, like any activity, requires energy, and therefore 
results in an increase in the animal’s metabolic rate. As with 
terrestrial mammals, the absolute amount of energy required 
by marine mammals for locomotion is a function of body 
mass, velocity, time spent traveling, distance traveled, and 
mode of locomotion (Davis, Williams, and Kooyman 1985; 
Fish 1992; Hind and Gurney 1997; Williams 1999; Yazdi, 
Kilian, and Culik 1999). 

Locomotion is the largest “voluntary component” of an 
animal’s energy budget. Differences in activity can triple an 
animal's total energy requirements. However, the incurred 
cost of locomotion varies greatly during the year, depend- 
ing on reproductive status, seasonal migrations, and peaks in 
foraging activity. In a comparison of 17 mammalian species, 
Karasov (1992) found that during their daily activity periods, 
terrestrial mammals expend energy at a rate of about 4.1 x 
RMR. However, he also estimated that, on average over the 
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course of a day, total expenditures by mammals for locomo- 
tion probably account for less than half of daily energy costs. 

There are a few studies that have quantified the total 
cost of activity in marine mammals, either in the wild or in 
aquariums. It is assumed (but rarely quantified) that marine 
mammals under human care have decreased levels of activ- 
ity compared to their wild counterparts. This would similarly 
suggest that total energy expenditure would be lower and 
less affected by seasonal variation. It also assumes that any 
differences in total costs of activity would most likely be a 
product of the amount of time spent active, rather than any 
differences in the actual costs of swimming. Costs of locomo- 
tion are usually determined by training an animal to exercise 
on a treadmill or in a water flume. The animal is trained to 
travel at a certain velocity, and its metabolic rate (through its 
rate of oxygen consumption) is measured. The energetic cost 
of swimming has been directly measured in several species 
of marine mammals, including immature California sea lions 
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(Feldkamp 1987; Williams et al. 1991), immature Steller sea 
lions (Rosen and Trites 2002b), harbor seals (Davis, Williams, 
and Kooyman 1985; Williams, Kooyman, and Croll 1991), gray 
seals (Fedak 1986), bottlenose dolphins (Williams, Friedl, and 
Haun 1993; Williams 1999), and sea otters (Williams 1989). 
Additional data have been extrapolated from respiratory rates 
for killer whales (Kriete 1995; Williams and Noren 2009) and 
gray whales (Eschrichtius robustus, Sumich 1983). 

It is important to note that the costs associated with 
swimming can be expressed several ways, each valuable 
for addressing particular questions. First, the data can be 
expressed as the total metabolic rate (Watts or Joules per sec- 
ond; J s') expended at a given velocity (meters per second; 
m_s-!), which can also be expressed on a mass-specific basis to 
account for body size differences in interspecific comparisons. 
This total swimming cost increases curvilinearly with velocity 
due to a combination of changes in the efficiency of muscu- 
lar strokes and curvilinear increases in drag (Figure 29.3a). 
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Figure 29.3 


Interspecific comparisons demonstrating different ways of expressing swimming costs in marine mammals. (a) Swimming metabolism 


expressed as total energetic costs (per kg body mass) across different swimming speeds. The typical nonlinear increase is demonstrated by averaged 
data derived for Steller sea lions (blue triangles; Rosen and Trites 2002b) and California sea lions (black circles; Feldkamp 1987; Ponganis, Kooyman, 
and Zornow 1991). (b) Same data expressed as the cost of transport, i.e., the amount of energy required to move 1 kg of body mass 1 m at different 
swimming speeds. (c) Comparison of the minimum cost of transport (derived from minima values in figures such as those in b) to body mass across 
different species (Summarized in Rosen and Trites 2002b; Williams 1999): California sea lions (Zc), harbor seals (Pv), gray seals (Hg), Steller sea 

lions (Ej), bottlenose dolphins (Tt), killer whales (Oo), and gray whales (Er). A resulting regression equation is based on only a single mean data point 
for each species. The regression reported by Williams (1999) is represented by the broken line for comparison. (d) Relationship between estimates 

of locomotor costs and body mass across species (sources and species designations the same as c). Locomotor costs are calculated by subtracting 
resting metabolism (or metabolism when velocity equals zero) from total minimum cost of transport. 
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Body mass will inevitably increase the cost of swimming, as 
larger animals have higher absolute metabolic costs at rest 
(i.e., when velocity = zero), which inevitably contribute to the 
cost of swimming. To partly account for this effect, the cost 
of swimming can also be expressed as the cost of transport 
(COT), which describes the amount of energy required to 
move a kilogram of body mass a meter distance (J kg! m~‘). 
The COT also varies with velocity and reaches a minimal 
value at some optimal swimming speed, often designated 
COT \ wn (Figure 29.3b). Across species of marine mammals, 
the total cost of swimming has been shown to scale inversely 
with body mass (where COT is measured in J kg? m™! and 
mass in kg), such that 


COT = 7.79 M°” (Williams 1999) 


A later study (Rosen and Trites 2002b) that incorporated 
data from Steller sea lions found a similar relationship (Figure 
29.3c). Significantly, neither of these relationships are statisti- 
cally different from similar terrestrial mammals that use run- 
ning as their primary mode of locomotion (Williams 1999). 
However, all of these previous cost estimates include the rest- 
ing metabolic rate of the animal. To quantify the actual cost 
of activity, it is necessary to remove this from the COT. The 
end result is sometimes referred to as locomotor cost (Figure 
29.3d). 

An interspecific comparison across five species of marine 
mammals (Rosen and Trites 2002b, expanding on work by 
Williams 1999) derived an allometric equation relating loco- 
motor cost (LC, in J m™) to body mass, where 


LC = 1.651 M""! 


It is interesting to note that, despite the limited data, this 
equation implies that the cost of swimming a set distance 
is proportional to body mass. In other words, in line with 
basic principles of physics and data from terrestrial mammals 
(Garland 1983; Peters 1983), it costs twice as much to move 
double the mass the same distance. 

Given that the cost of transport is very similar among 
different species of marine mammals that use different 
modes of propulsion (e.g., flukes, foreflippers, rear flippers), 
the major difference in the cost of activity is the amount of 
time each group spends swimming. For example, otariids 
are generally more active than phocids and will therefore 
(all other things being equal) have higher food requirements 
for the same body size. Similarly, as the cost of locomotion 
includes the cost of maintenance, animals with higher rest- 
ing metabolic rates (e.g., due to species or age differences) 
will have proportionally greater swimming costs (and food 
requirements). 

It is also important to note that a number of physical 
factors will alter the costs of swimming, even in a controlled 
aquarium environment. For example, even relatively low 
water currents will affect the costs of swimming (Hindle, 


Rosen, and Trites 2010). There is also an optimal depth for 
swimming (to minimize drag), which may not be attainable 
in aquariums (Fish 1994). Nonlinear swimming, which is typi- 
cally displayed in most aquariums, will also increase swim- 
ming costs. 

In the wild, marine mammals spend a great deal of time 
diving. There is considerable debate regarding the cost of div- 
ing in marine mammals. Original “forced diving” experiments 
(e.g., Irving, Solandt, and Solandt 1935; Scholander, Irving, 
and Grinnell 1942) indicated that marine mammals exhibited 
drastic hypometabolism while diving. However, recent reeval- 
uations suggest this may have been an extreme physiological 
response, and that the true cost of diving likely varies by dive 
type and depth, activity while submerged, and physiologi- 
cal state of the individual (reviewed for Steller sea lions in 
Rosen et al. 2017). Hypometabolism, while submerged, may 
also occur in species that undergo prolonged sleep periods 
underwater (e.g., harbor seals). However, it is doubtful how 
often marine mammals in aquariums can exhibit true div- 
ing behavior given the physical restrictions of their habitats. 
As a result, locomotion expenditures are likely most closely 
aligned with swimming costs rather than diving costs (see 
Chapter 6). 


Gestation and Lactation 


Costs associated with pregnancy and lactation will affect 
overall energy requirements. As detailed in Chapter 10, 
marine mammal females typically produce only one off- 
spring per season, except polar bears (Ursus maritimus), 
which have two. The costs of pregnancy (Q,) include the 
production of fetal tissue and associated maternal tissues 
(such as the placenta), and an increase in maternal metabo- 
lism to meet the metabolic demands of these new tissues. 
Concurrent with the direct energy investment in terms of 
fetal growth, the female must expend additional metabolic 
energy to maintain the metabolic requirements of the grow- 
ing fetus. 

The costs directly attributable to fetal mass growth and 
the associated metabolic costs to the female can be estimated 
separately, a method sometimes used in marine mammal bio- 
energetic models (e.g., Fortune et al. 2013). In this approach, 
the heat of gestation (R,) quantifies the energetic expense of 
maintaining the pregnant uterus, work of fetal and maternal 
growth of pregnancy (but not fetal tissue growth), and the 
increased work of the maternal physiological load (Lockyer 
2007). The costs directly attributable to fetal tissue growth 
must then be added to R, to provide an estimate of total costs 
of pregnancy. 

However, this approach may be needlessly complex for 
the purposes of estimating additional energy or food require- 
ments. As an alternative, several allometric equations exist 
to estimate the total cost of pregnancy (e.g., Blueweiss et al. 
1978). A commonly used relationship derived for terrestrial 
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mammals (Brody 1945) estimates the cost of pregnancy (Qg; 
M)) from maternal mass (M, kg) such that 


O-=17,12Me" 


However, these costs are not spread equally across the 
pregnancy period. The demands of fetal growth are unlikely 
to make a significant contribution to total energy require- 
ments until late in development, when fetal growth becomes 
more rapid (Laws 1959; Hewer and Backhouse 1968). For 
example, Lockyer (1987) calculated that the energy invested 
into fetal fin whales (Balaenoptera physalus) was minimal 
during the first 5 months and represented very little energy 
drain on the female. In addition to the costs of supporting 
a larger fetus, part of the increased costs in later pregnancy 
are a result of changes in the type of fetal tissue growth. 
Average energy density of fetal fin whale tissue at the end of 
5 months of gestation was 3.14 kJ g1!, compared to 12.30 kJ g"! 
at the end of gestation (Lockyer 2007). These values are rela- 
tively similar to those of other species and suggest that most 
fetal fat deposition (which is more expensive) occurs late in 
pregnancy. However, the cost of gestation even at its peak 
is relatively minor. Winship et al. (2002) modeled the peak 
daily energy requirement (late March) for a pregnant 10-year- 
old Steller sea lion, and it was only 8% greater than the daily 
energy requirement of a nonpregnant 10-year-old at that same 
time of year. 

Although the increase in energetic cost due to gesta- 
tion should, in theory, be mirrored by food intake of ani- 
mals, this is not always the case. Ronald and Thomson (1981) 
reported food intake of a harbor seal during late pregnancy 
and through lactation. During the first 5 months of term, 
the intake of the female harbor seal was the same as prior 
to pregnancy, averaging 16.2 MJ day", but intake declined 
during the last 4 months to between 10.0 and 15.4 MJ day™. 
Despite the decline in intake, the female continued to 
gain weight throughout the last trimester. A similar result 
was reported for another pregnant female harbor seal by 
Renouf and Noseworthy (1991). These cycles mirror the sea- 
sonal trends in food intake displayed by male and nonpreg- 
nant females, but raise the question of how weight gain is 
accomplished while shouldering the costs of pregnancy and 
increased fetal mass. This continued growth could possibly 
be due to offsetting decreases in activity and/or an invest- 
ment of a large portion of ingested protein into the fetus, 
while the female was utilizing ingested fat and her own fat 
reserves as her energy source. A relative increase in lean 
tissue, which is heavier than fat, could also account for this 
apparent discrepancy. 

Lactation costs are considerably greater than those asso- 
ciated with fetal growth due to both the direct cost of milk 
production and the associated metabolic overhead (Gittleman 
and Thompson 1988; Oftedal and Gittleman 1989). Both the 
costs of lactation and the rate of energy transfer between 
mothers and offspring have been extensively studied in 


a range of marine mammals. The total cost of lactation is, 
broadly speaking, a product of the energy density of the milk 
produced and the duration of the lactation period. For infor- 
mation related to hand-rearing marine mammals in managed 
care settings, see Chapter 30. 


Phocids 


Milk composition varies both by species and over the course 
of the lactation period (Oftedal 1984; Schulz and Bowen 
2004). In general, milk energy density in marine mammals 
is related to offspring fasting durations. Unlike the majority 
of mammals, many phocid seals do not consume food while 
lactating (Figure 29.4). As “capital breeders,” they must pro- 
vision their offspring from onboard resources. This means 
producing energy-rich high-fat milk (~50-60%) over a rela- 
tively short lactation period (generally less than 4 weeks), 
while they largely abstain from food and water. 

Within this group, the highest lipid levels have been 
reported for seals with the shortest lactation periods, includ- 
ing hooded seals (Cystophora cristata; 61%; <1 week lac- 
tation), gray seals (60%; 2.3 weeks), and harp seals (57%; 
1.7 weeks; see sources in Boness and Bowen 1996). As a 
result of this investment strategy, energetic expenditures for 
lactation and food intake are completely temporally sepa- 
rated in these species in the wild. Even for species such as 
harbor seals, which forage while nursing their pups, food 
intake levels are insufficient to meet immediate energetic 
demands (Bowen et al. 2001). Reports of food intake levels 
of lactating phocids in aquariums are sporadic and inconsis- 
tent, although even the highest reported levels are relatively 
minor compared to total energy expenditure during the lac- 
tation period. 


Phocid strategy: 
Onshore nursing 


At-sea feeding At-sea feeding 


Otariid strategy: 


Onshore nursing 


At-sea feeding At-sea feeding 


Figure 29.4 Generalized phocid and otariid lactation strategies, show- 
ing alternating feeding and nursing phases. Phocids nurse their pups for 
a period of time ranging from 4 days (hooded seals) to several weeks, 
while fasting on shore. Otariids nurse their pups for several days during 
the perinatal period and then go to sea to feed. They subsequently alter- 
nate nursing their pups with feeding trips to sea for the duration of the 
lactation period, which may last for more than a year. 
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Otariids 


Otariids and walruses have considerably longer lactation peri- 
ods than phocids, ranging from 4 months for northern fur seals 
to 2-3 years for walrus (Odobenus rosmarus) and Galapagos 
fur seals (Arctocephalus galapagoensis, Berta, Sumich, and 
Kovacs 2006). The major difference between otariid and pho- 
cid lactation strategies is that, whereas phocids fast continu- 
ously for the duration of lactation, otariid females periodically 
leave their pups and go to sea to feed (Costa 1991; Figure 
29.4). This means that both the mother and pup undergo 
periodic fasts throughout the nursing period. The composi- 
tion of otariid milk is adapted to satisfy the pup’s need for 
sustaining normal activity during maternal absences, with 
higher fat content correlating with longer periods of maternal 
absence. For example, Galapagos sea lions (Zalophus califor- 
nianus wollebacki) visit their young almost daily and have 
17% fat in their milk (Trillmich and Lechner 1986), whereas 
California sea lions, which are absent for up to 3 days, have 
35% milk fat (Trillmich and Lechner 1986), and northern fur 
seals, which exhibit feeding trips of 6-7 days, have milk with 
40-50% fat (Ashworth, Ramaiah, and Keyes 1966; Dosako 
et al. 1983; Costa and Gentry 1986). In terms of lactation costs 
being reflected by compensatory changes in food intake, 
Perez and Mooney (1986) estimated that lactating northern 
fur seals consumed 160% more energy during nursing than 
nonlactating animals. Data from two managed California sea 
lions indicated that energy intake increased markedly during 
peak lactation (August—January), approximately doubling over 
intake levels during pregnancy, before decreasing starting in 
February (Williams et al. 2007). However, it is also impor- 
tant to note that food intake of nonlactating females similarly 
increased during this period concomitant with the molt. 


Cetaceans 


Cetaceans have a continuous lactation strategy. Milk compo- 
sition has been determined for a number of species (Berta, 
Sumich, and Kovacs 2006), although often on an opportu- 
nistic basis that may not capture natural patterns of varia- 
tion (Peddemors, de Muelenaere, and Devchand 1989). As 
with other species, the energy content of milk changes dur- 
ing the course of lactation (e.g., bottlenose dolphins; West 
et al. 2007). Oftedal (1997) suggested that baleen and toothed 
whales display two distinct general patterns. Mysticetes have 
relatively brief lactations (5-7 months), during which food 
intake is minimal, having migrated from productive “feed- 
ing grounds” to warmer or more protected nursing areas. At 
midlactation, they produce milk relatively high in fat (0- 
50%). In some of the largest marine mammals, direct ener- 
getic costs from milk transfer are equally substantial. Oftedal 
(1997) extrapolated that this reaches 4000 MJ day! in the 
blue whale (Balaenoptera musculus). Females support this 
output by sequestering impressive blubber lipid stores on 
designated feeding grounds while pregnant. In comparison, 


Odontocetes have longer lactation periods (generally lasting 
1-3 years), during which the mothers feed. At midlactation, 
their milk is much lower in fat (10-30%) than for Mysticetes. 
These lactation costs are generally apparent in increased food 
intake during lactation, as noted in sperm whales (Physeter 
microcephalus; 132-163%) and minke whales (Balaenoptera 
acutorostrata; 175-186%, Lockyer 1981). Data from bottlenose 
dolphins are inconsistent. Spotte and Babus 980) did not 
observe an increase in food consumption during lactation, 
whereas Kastelein et al. (2002) found food consumption was 
58-97% higher during lactation than during similar periods in 
nonreproductive years. 


Sea Otters 


Sea otter milk is more similar to milk of other marine mam- 
mals than to other mustelids, with 23% fat enness, Williams, 
and Mullin 1981). The energetic costs of producing this rela- 
tively high-lipid milk must be considered on top of the con- 
siderable maintenance metabolic costs of the female, who 
generally have the highest mass-specific metabolic rate of any 
marine mammal. While the costs of lactation have not been 
directly measured in sea otters, Thometz et al. (2014) mea- 
sured the energetic demands of the female’s dependent pups 
throughout their development, as a means of quantifying the 
energetic costs associated with pup rearing. They estimated 
that the costs of supporting a pup would increase the female’s 
daily energy demands by 17% in the initial postpartum period 
and continue increasing to 96% above pre-pregnancy levels 
by the average age of weaning. 


Manatees 


Manatees, as in cetaceans, also have continuous nursing of 
their offspring. Initial limited studies provided a wide range 
of estimates of lipid milk content (Bachman and Irvine 1979; 
Pervaiz and Brew 1986). More detailed studies indicate that 
fat content of milk declines from an initial value of ~21% to 
a midlactation level of 18%, and then ultimately to a level of 
10% in late lactation after 11-12 months (Worthy and Oftedal, 
unpubl. data). Measurements from one manatee suggest that 
the calf was consuming approximately 4 L of milk per day 
during the first 2 months of lactation, increasing to 12.2 L of 
milk per day (245 days), and eventually declining to 2.4 L 
per day shortly before weaning (550 days). Concurrent with 
this decline in milk fat content was an increase in the rate 
of consumption of solid food. During midlactation, lettuce 
intake commenced and increased from 2.1 kg per day at age 
4 months to 18 kg per day by 18 months (Worthy and Oftedal, 
unpubl. data). This increase in food intake apparently offset 
the decrease in milk fat content, allowing the calf to main- 
tain a growth rate of 0.7 kg per day for 550 days. As to the 
effect of lactation on maternal food consumption, there are 
limited data describing food intake rates of wild manatees. 
However, Etheridge et al. 985) reported that manatees had 
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mean consumption rates of 4—9% (wet mass) of their body 
weight per day, depending on season, with lactating females 
consuming as much as 13% per day. 


Polar Bears 


Polar bear milk has a fat content ranging from a high of 38.5%, 
when the cubs emerged from the den in the spring, to 20.6% 
one year later (Derocher, Andriashek, and Arnould 1993). 


Growth 


Another component of production energy is the cost of 
growth. There are two types of growth with different costs 
and patterns: ) developmental growth and (2) seasonal 
changes in energy reserves. While these two forms of growth 
both contribute to overall energy requirements, they do so in 
very different ways. 

Developmental growth is the overall increase in body size 
with increasing age that reaches an asymptote at physical matu- 
rity. In biology, developmental growth is often tracked or mod- 
eled as length-at-age data. This can usually be described by one 
of several standard models, such as the von Bertalanffy (1938) 
model commonly used in fisheries research (McLaren 1993). 
Data describing mass-at-age are more easily converted into esti- 
mates of the energetic cost of growth. Determining the cost of 
growth is relatively straightforward given appropriate growth 
models. Fortunately, there are an abundance of species-specific 
growth models for a variety of marine mammals, from both 
managed and wild populations. The energy required for each 
body mass growth increment is a function of the proportion of 
new body mass that is lipid or protein, and the energy density 
of those substrates. As demonstrated in Winship et al. (2002), the 
energy required for growth can be calculated as 


Energy for growth = AM * {Pipa * ED ipa 


a d a Pipia ) a =P 


Wi 


ater ) ig ED 


protein } 


This equation accounts for the proportion of change in 
mass (AM) that is lipid (iq), the energetic density of lipid 
(EDjipia3 39-3 kJ gt, depending on specific source), the pro- 
portion of lean tissue that is water (P.,.,..3 assuming that lean 
tissue was either protein or water), and the energetic density 
of protein (ED proteins 18.0 kJ g). There is, of course, structural 
growth (e.g., skeletal) underpinning these changes, but these 
costs are considered to be relatively minimal. 

For most marine mammals, this type of developmental 
growth is highly seasonal and is almost always synchronized 
with periods of high, predictable, food abundance in the wild. 
This seasonal pattern is also seen in individuals in aquariums, 
despite constant access to food. As a result of these seasonal 


trends in growth, the impact of developmental growth on 


energy requirements is also highly seasonal. Bioenergetic 
models for pinnipeds have found the energy required directly 
for growth to be small in comparison to total energy require- 
ments, even during periods of rapid growth in immature 
individuals (Innes, Stewart, and Lavigne 1981; Olesiuk 1993; 
Winship, Trites, and Rosen 2002). However, these model find- 
ings are a bit misleading, given that the elevated basal metab- 
olism of juveniles—which is often calculated as a separate 
cost—is directly related to growth. 

A second cycle of seasonal growth overlays this pattern 
of developmental growth. This occurs because marine mam- 
mals are not usually in a constant, neutral energetic state. 
At certain times of the year, they ingest greater amounts 
of food than they require for their current maintenance 
requirements, and the excess is used to replenish and/or 
build up lipid reserves Gin addition to that required for the 
aforementioned developmental growth). These reserves are 
catabolized at other times of the year to service energetic 
requirements beyond immediate food intake levels. These 
periods of hyper- and hypophagia (including fasting) are part 
of a natural life history and are often synchronized to molting 
periods or reproductive events (see When Requirements Do 
Not Equal Intake). Despite their access to food throughout the 
year, marine mammals in aquariums also demonstrate very 
strong seasonal changes in food intake, body mass, and lipid 
reserves (Markussen, Ryg, and @ritsland 1990; Hedd, Gales, 
and Renouf 1997; Rosen and Renouf 1997; Mellish, Horning, 
and York 2007). 

The majority of marine mammals possess abundant lipid 
reserves. Most are sequestered in the hypodermal blubber 
layer, at levels far in abundance of the animals’ thermoregu- 
latory requirements, particularly in large cetaceans (Watts, 
Hansen, and Lavigne 1993). During periods of hyper- and 
hypophagia (relative to immediate energy requirements), 
these tissues are anabolized and catabolized, respectively. 
Although lipids are the preferred endogenous energy source 
due to their energy density and metabolic water content, not 
all seasonal changes in mass are attributable to this substrate. 
Partly, this is because a portion of an animal’s energy must 
derive from proteins in order to maintain gluconeogenesis 
for essential processes, such as the nervous system (reviewed 
in Rosen and Hindle 2015). In fact, loss of protein-based 
structures can lead to death in starving animals that still pos- 
sess substantial lipid reserves. Whatever protein (and lipid) 
resources are lost while in negative energy balance must be 
restored during subsequent periods of increased food intake. 

For the purposes of quantifying resultant changes in the 
animal’s energy budget, it is important to account for the dif- 
ferential use of these tissue types. As previously noted, lipids 
are more energy dense than proteins, but these differences 
in chemical energy are fairly well documented, and therefore 
are relatively easy to account for when estimating changes in 
energy budgets due to tissue mass changes. Other factors that 
must be taken into account are the costs of depositing and 
catabolizing these tissues, as neither process is 100% efficient. 
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Unfortunately, empirical data to quantify these inefficiencies 
for marine mammals appear to be lacking. As a result, many 
models simply ignore these potential costs. 


Converting Energy Requirements 
into Food Intake Requirements 


Estimating the energy requirements of an individual ani- 
mal is only the first step in determining their food require- 
ments, which is commonly a more practical question for care 
of marine mammals. On the surface, this might seem like a 
simple calculation: divide the energy required by the energy 
density of the available prey. However, there are two impor- 
tant factors to consider. First, the assimilation of food energy 
into usable biological energy, as has been noted, is not 100% 
efficient. The processes of breaking down and absorbing 
nutrients in the food, as well as removal of waste products, 
means that food energy intake must be higher than calculated 
energy requirements. Second, the biochemical composition, 
and hence the energetic and nutritional value, of prey items 
is likely to change by age class, catch location, and season. 
Hence, care must be taken when using published data to con- 
vert fish biomass into energy (or nutrients). 


Digestive Efficiency 


Daily energy expenditure (DEE; variously referred to as average 
daily metabolic rate or field metabolic rate) is the sum total of 
energy used by an individual, and includes resting (or basal) 
metabolic rate, and the costs of thermoregulation, locomotion, 
growth, and reproduction. Most studies of DEE in marine mam- 
mals suggest average values that are between 1.7 and 3 times 
resting metabolic rate (Nagy 1994; Nagy, Girard, and Brown 
1999; Costa et al. 2004), although with considerable seasonal 
variation. While DEE will correspond to energy obtained from 
foods in healthy individuals over an extended time period, DEE 
does not necessarily equate to energy intake on a daily basis 
(see When Requirements Do Not Equal Intake below). 

Unfortunately, an individual’s energy requirements can- 
not be directly converted into energy intake requirements. 
This is because the breakdown and assimilation of food 
products results in both waste products and energetic costs. 
The resulting digestive inefficiencies mean that a greater level 
of food energy must be consumed to meet a given energy 
requirement. Energy loss during digestion comes through 
three avenues: fecal energy loss, urinary energy loss, and the 
heat increment of feeding. These three losses are somewhat 
dependent on each other, as they occur in a distinct order 
during the digestive process. As a result, intermediate calcu- 
lations of “available” energy can be made at each step of the 
process (Figure 29.1). 

Gross energy intake (GEI, or ingested energy, IE) is the 
biochemical energy contained in the food consumed. GEI is 


calculated by multiplying ingested mass by the energy density 
of the prey items (see Calculating Food Intake Requirements 
below). A certain amount of this ingested energy is expelled 
via fecal energy loss (FEL), and the subtraction of FEL from 
ingested energy gives the “apparent” digestible energy (DE). 
DE represents the energy that is absorbed and enters the 
bloodstream of the animal, and can be expressed as a pro- 
portion of GEI (DE%). The “apparent” designation is because 
not all of the energy that is lost in the feces is of food origin. 
Digestive enzymes, sloughed intestinal lining, and bacteria 
add to the energy value of the feces and therefore underesti- 
mate the true DE. 

Additional energy is lost as various products in the urine, 
partly due to deamination of proteins. Urinary energy loss 
(UEL) in urine is properly represented as a proportion of DE 
(rather than GED, since urinary losses are proportional to 
absorbed nitrogen and are independent of what is lost in the 
feces. However, UEL is commonly reported as a proportion of 
GEI for ease of calculations. 

Metabolizable energy (ME) is the energy that remains 
available after accounting for the energy lost through the 
excreta, and can be expressed as a percentage of GEI (ME%). 
The mechanical and biochemical processes of digestion cause 
an increase in metabolic rate, which has been termed the heat 
increment of feeding (HIF; Brody 1945; National Research 
Council (US) 1981; Webster 1983; Beamish and Trippel 1990), 
also referred to as specific dynamic action (SDA; Jobling 1983; 
Secor 2009), and is distinct from the cost of physically catch- 
ing and ingesting the food. HIF is generally considered to be 
waste energy and is usually calculated as a proportion of GEI 
of a meal. 

The end product after all of these digestive process is 
termed net energy (NE), such that 


NE = GEI — FEL — UEL- HIF 


These three processes of digestive efficiency must be 
taken into account when calculating the level of gross energy 
intake (GED required to satisfy energy requirements. As will 
become apparent, these costs can be substantial. For exam- 
ple, if HIF is calculated at 20% (GED, and 8% of GEI is lost 
as FEL, and 12% passed through UEL, then food intake must 
be increased about 40% to achieve the required net energy 
intake. 


Fecal and Urinary Energy Losses 


Although fecal and urinary energy losses are separate mecha- 
nisms, it is easier to discuss them together for the purposes of 
back-calculating through the bioenergetic scheme. As previ- 
ously noted, fecal energy loss (FEL) quantifies the amount of 
energy defecated. However, digestive efficiency (DE%), which 
is the inverse of FEL, is usually the value reported. This is 
also alternately referred to as assimilation efficiency (AE%), 
although neither measure should be confused with dry matter 
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digestibility (DMD). While DE% (and AE%) refers to the rela- 
tive amount of energy that is retained, DMD is the portion of 
the dry matter in a meal that is digested by animals at a speci- 
fied level of feed intake. While DMD is easier to determine 
experimentally than DE%, it cannot be used as a proxy for 
energy efficiency (Rosen and Trites 2000a). 

DE% can be determined experimentally from subsamples 
of feces using either an added marker (chromium oxide) or 
a naturally occurring biomarker (such as manganese; Fadely, 
Worthy, and Costa 1990). However, UEL can only be quanti- 
fied from whole urine collection, which is logistically difficult 
in marine mammals. However, as the major component of 
urinary energy loss is urea, UEL can be estimated from food 
protein intake levels (Keiver, Ronald, and Beamish 1984). 

Since DE% is not 100%, not all of the food ingested is 
available to the animal for subsequent physiological pro- 
cesses. The efficiency with which animals absorb the different 
components of a meal varies as a function of the length and 
morphology of the digestive tract, food type, seasonality, and 
nutritional state (Stevens and Hume 2004; Karasov, Martinez 
del Rio, and Caviedes-Vidal et al. 2011). Measurements per- 
formed on a variety of pinnipeds indicate that DE% is consis- 
tently high, but also generally varies with prey composition. 
In general, DE% is higher for higher energy/lipid content prey 
and lower for prey with higher protein content (Table 29.1). 
The significant decrease in DE% with increasing protein con- 
tent of the diet may be explained by the fact that, among all 
of the components in food, the breakdown and assimilation 
of proteins to obtain energy takes the most time and effort 
(Blaxter 1989). 

Among otariids, this relationship between prey composi- 
tion and digestive efficiency has been demonstrated in Steller 
sea lions eating a variety of single-species diets (DE% range = 
90.4-95.5%; Rosen and Trites 2000a). The same pattern was 
seen in northern fur seals consuming a variety of mixed 
and single-item diets (Diaz-Gomez, Rosen, and Trities 2016). 
Digestible energy (95.9-96.7%) was high and was negatively 
affected by ingested mass and dietary protein content (which 
is generally inversely proportional to lipid content in fish). 
Several studies have demonstrated similar trends in dry mat- 
ter digestibility with diet quality in otariids, but, as previously 
noted, these cannot necessarily be equated with DE% (Miller 
1978; Fadely, Seligs, and Costa 1994), 

These values are consistent with data collected for phocid 
seals; DE% is high for ringed seals (Parsons 1977) and gray seals 
(Ronald et al. 1984; Prime and Hammond 1987) eating fish, as 
it also is with the walrus (Fisher et al. 1992). Studies with harp 
seals also demonstrate a range of DE% that seems related to 
prey quality (Keiver, Ronald, and Beamish 1984; Martensson, 
Nordgy, and Blix 1994b; Lawson, Miller, and Noseworthy 1997). 
This data set is notable for the low DE% (73-82%) of harp seals 
maintained on a shrimp (Pandalus borealis) diet, likely due 
to the large component of indigestible chitin. Crabeater seals 
(Lobodon carcinophagus) demonstrate a similarly low DE% 
(84%) on a krill diet (Martensson, Nord@y, and Blix 1994a). 


There have been attempts to better understand digestion 
in cetaceans through in vitro determinations of digestibility 
where the multicompartmental nature of the cetacean stom- 
ach is simulated. These studies suggest that baleen whales 
have digestive efficiencies comparable to pinnipeds, with an 
efficiency of 92.1% for herring and 83.4% for krill (Nordoy, 
Sermo, and Blix 1993). Olsen et al. (1994) have suggested that 
symbiotic chitonolytic bacteria in the forestomach may serve 
to enhance this efficiency. 

Sea otters have been shown to have DE% ranging from 
76.6% for squid (Loligo sp.), 79.6% for crab (Cancer antenna- 
rius), 80.3% for clams (Spisula solidissima), to 87.6% for aba- 
lone (Haliotis cracheriodii; Fausett 1976). Variation between 
individuals and seasons resulted in an actual range of DE% 
from a low of 66.3% for a female eating crab in the winter 
to a high of 96.5% for a female eating abalone in the winter. 

DE% of West Indian manatees has been determined for 
both lettuce (90%) and water hyacinth (80%) diets. For herbi- 
vores, DE is inversely correlated with the crude fiber content 
of the food. Consistently, DE% for a lettuce diet (0-12% crude 
fiber) was greater than for water hyacinths (12-17% crude 
fiber; Lomolino and Ewel 1984). These measured DE% values 
for manatees are higher than for most herbivores, especially 
nonruminants, and have been attributed to the extremely 
slow food passage time (5-6 days; Best 1981; Lomolino and 
Ewel 1984) and extensive digestive tract (8 m) in these spe- 
cies (Lomolino and Ewel 1984). Manatees also have one of 
the highest digestibility coefficients for cellulose (80%) of any 
known mammalian herbivore (Burn 1986). 

In line with previous studies, Worthy and Worthy (2014) 
found that wild manatees consuming marine vegetation had 
significantly lower DE% (46.9%) than did manatees consum- 
ing freshwater vegetation (77.8%). However, since manatees 
are hindgut fermenters, potential changes in gut microflora 
during their holding period may have significant impacts on 
digestive efficiency. Manatees in an aquarium consuming let- 
tuce had significantly higher DE% (84%) than either of the 
wild diets. While some of this difference is due to a lower 
crude fiber content of lettuce, it may also be indicative of 
physiological differences. Wild manatees eating seagrasses 
had significantly higher DE% than did long-term managed 
animals consuming seagrass for short periods of time (46.9% 
vs. 36.2%, respectively), suggesting potential modification of 
gut flora over time. 

The difference between metabolizable energy and digest- 
ible energy is the energy lost through urinary excretion. UEL 
is proportional to nitrogen intake, and animals fed with 
higher nitrogen diets experience higher UE losses. Urinary 
losses should technically be expressed as a percentage of 
DE because the losses are proportional to absorbed nitrogen, 
and not that which was lost in the feces. Harbor seals fed 
with a pollock-only diet (90.6% protein) had a UEL% that was 
15 times higher than when the seals were fed only herring 
(56.3% protein; Ashwell-Erickson and Elsner 1981). Similarly, 
the UEL of fur seals fed with a capelin diet Wallotus villosus; 
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67.6% protein) was 2.7 times greater than the herring diet 
(Clupea spp.; 47.1% protein). Mean energy excreted in urine 
of harp and gray seals was 6.9-9.5% of DE intake on a herring 
diet (Keiver, Ronald, and Beamish 1984; Ronald et al. 1984) 
and for ringed seals was 8.6% (Parsons 1977). This left 82.7— 
88.7% of GEI available as metabolizable energy after account- 
ing for UE and FE losses. These ME values are similar to those 
found for ringed seals (88.6%; Parsons 1977) and harbor seals 
(Ashwell-Erickson and Elsner 1981). 

Metabolizable energy available to California sea lions also 
varied as a function of diet, from 78.3% for squid, 88.2% for 
herring, 91.4% for mackerel (Scomber japonicus), to 91.6% for 
anchovy (Engraulis mordax; Costa 1983). Similar results have 
been found for bottlenose dolphins with ME values of 89.2% 
for mullet (Mugil sp.) and 90.4% for mackerel (Shapunov 
1973). Neither of these latter studies partitioned these energy 
losses between urinary and fecal routes, and determinations 
were performed on combined urine and feces. 


Heat Increment of Feeding 


HIF has been measured in only a few species of marine 
mammals, including sea otters (Costa and Kooyman 1984) 
and various pinnipeds (detailed below and in Table 29.1). 

There are currently no data available for cetaceans. It 
has been suggested that sirenians, due to their hindgut fer- 
mentation and prolonged food passage times, do not experi- 
ence a distinct heat increment of feeding, as is also true for 
other nonruminant herbivores (Blaxter 1989). Gallivan and 
Best (1986) did, however, measure the actual cost of feeding, 
which accounted for 3.4 + 0.3% of ingested energy for grass 
(Brachiaria mutica) and 5.4 + 0.8% of GEI for water hyacinth 
(Eichhornia crassiceps). 

The magnitude and duration of HIF varies with the size and 
composition of the diet. In general, carbohydrates increase 
metabolism by 4-30% for 2-5 hours after ingestion, lipids from 
4% to 15% for 7-9 hours, and proteins from 30% to 70% for as 
long as 12 hours after ingestion (Hoch 1971). Unfortunately, 
for food with a combination of nutrients, it is impossible to 
accurately predict HIF from meals simply from knowledge of 
its proximate composition (Forbes et al. 1944). The highest 
published value of HIF for pinnipeds is for harp seals on a 
herring diet, which expended up to 17% of ingested energy 
on HIF (Gallivan and Ronald 198); however, this appears 
to be a bit of an outlier (Table 29.1). As with other mam- 
mals, there is a relatively consistent trend among pinnipeds 
for HIF to increase with higher protein densities (also lower 
energy/lipid density) (Rosen and Trites 1997). HIF in north- 
ern elephant seals Wirounga angustirostris) ranged 9-11% 
of ingested energy when consuming herring (8.7% fat) and 
11-13% when eating similarly sized meals of capelin (5.2% fat; 
Barbour 1993). HIF measured in harbor seals accounted for 
5.1% of ingested energy when fed with high lipid herring, but 
9.0% when consuming low lipid herring (Markussen, Ryg, and 
@ritsland 1994), Another study found a similar difference in 


the cost of HIF for harbor seals ingesting either herring (4.7%) 
or pollock (Theragra chalcogramma) diets (5.7%; Ashwell- 
Erickson and Elsner 1981). Studies on Steller sea lions con- 
firmed that HIF also increases with decreasing prey quality in 
otariids. HIF for 4 kg meals of squid (19.4%; Rosen and Trites 
1999) was higher than for equal sized meals of pollock (15.7%; 
Rosen and Trites 2000b), which was greater than for similar 
meals of herring (12.4%; Rosen and Trites 1997). Northern 
fur seals showed a similar pattern when consuming a range 
of diets, where HIF ranged from 4.3% to 12.4% and was sig- 
nificantly lower for high-lipid diets (Diaz-Gomez, Rosen, and 
Trites 2016). 

In mammals, HIF is affected by the ingested food mass, 
which can account for about 90% of the variation in some 
animal’s HIF (Secor 2009). Studies with pinnipeds confirm 
the general mammalian model that absolute magnitude of 
HIF increases curvilinearly with increasing quantity of fish 
fed. Rosen and Trites (1997) found that HIF in Steller sea lions 
averaged 12.4% of energy intake for 4 kg herring meals, but 
that the magnitude of HIF dropped to 9.9% for 2 kg meals. 
Meal size also appeared to affect the duration of HIF, consis- 
tent with other studies, ranging from 6-8 hours (2 kg meal) to 
8-10 hours 4 kg meal). In northern elephant seals, HIF was 
higher for larger meals sizes of both herring (9.1% vs. 11.4%) 
and capelin 15% vs. 13.0%; Barbour 1993). This effect of 
meal size is particularly important in the context that higher 
quantities of low energy prey must be ingested to achieve the 
same gross energy intake, a task made more difficult by the 
observation that the higher prey mass will result in higher 
relative losses through HIF. 

An exception to the concept of HIF as a waste product 
occurs when the animal is experiencing environmental tem- 
peratures that are below its TNZ. Under these conditions, 
the energy generated via digestion could be conserved and 
used to offset some of the necessary increase in metabo- 
lism (Masman, Daan, and Dietz 1988; Chappell, Bachman, 
and Hammond 1997; Hindle et al. 2003). Costa and Kooyman 
(1984) discussed the phenomenon of sea otters using HIF 
to offset thermoregulatory expenditures. HIF in otters 
accounted for 10-13% of ingested energy on clam and squid 
diets, respectively (Costa and Kooyman 1984). This resulted 
in a 54% increase over BMR that lasted 4-5 hours (0.8 kg 
meal of either diet). Sea otters may use this short and intense 
increase in metabolism to offset heat loss during rest (with 
its decreased metabolism) and to maintain body tempera- 
ture. However, this may not be typical of marine mammals in 
general. For example, no evidence of using HIF for thermal 
substitution was found for Steller sea lions tested in 2—8°C 
(36-46°F) water (Rosen and Trites 2003). 


Calculating Food Intake Kequirements 


Mathematically, ensuring that an animal receives adequate 
energy from its food simply involves dividing the gross energy 
requirement (accounting for digestive losses) by the energy 
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density of the prey. However, a sound nutritional program 
in any captive situation must rely on a good understanding 
of the composition and quality of the food being offered. 
This includes an appreciation of natural variation in prey 
energy composition and specific macro- and micronutrient 
requirements. 

All food can be primarily classified with respect to the 
amount of moisture, protein, and fat (carbohydrate contents 
are minimal in fish). There are additional important com- 
pounds that must be supplied in the diet, such as vitamins, 
minerals, and amino acids. Some of the consequences of fail- 
ing to satisfy these latter requirements are dealt with later in 
this chapter, as well as in Chapters 40 through 45 (Species- 
Specific Medicine). Knowledge of the major components of 
food is important to assess the true value of a diet. 

First, the proximate composition of prey (proportion of 
lipid, protein, and water) can be used to estimate the gross 
energy content. Although exact conversions depend on 
details of the chemical structure of the specific element, com- 
monly used values are 39.3 kJ g"! for lipids and 18.0 kJ g* for 
the energetic density of protein (Schmidt-Nielsen 1997). In 
general, the fat content is the major determinant of the energy 
value of the food, while the protein content will influence 
UE losses and the amount of waste heat generated via HIF. 
Proximate composition data are often presented in terms of 
dry mass, on the assumption that water content is not relevant 
to energy content. However, knowledge of energy density per 
wet mass is relevant for calculations of energy density per 
fed mass, which is necessary when calculating food intake 
requirements. Further, the water content gives you informa- 
tion regarding the amount of preformed water that is available 
to the animal (see Water Requirements below). 

Alternately to proximate composition analysis, bomb cal- 
orimetry may be undertaken separately on samples to pro- 
vide a measure of energy density. For any type of laboratory 
analysis, it is important that samples are representative of the 
way that prey items are prepared Gncluding thawing pro- 
cedures) and served to the animals (Priya et al. 2012). For 
example, removing the heads or guts of fish greatly alters 
its average energy density. Samples should also ideally be 
analyzed periodically throughout their storage time. Freezing 
will affect the composition of prey, particularly water content, 
but also macro- and micronutrients (see Considerations of 
Prey Quality below). As a result, most animal care regulations 
include a maximum storage time of 12 months. 

There is a growing body of literature detailing the proxi- 
mate composition of prey commonly eaten by wild marine 
mammals or fed to individuals in zoos and aquariums to assist 
with designing an appropriate diet. However, it is important 
to note that many prey species show geographic, age-related, 
and seasonal changes in proximate composition, and conse- 
quently energy content (Jangaard et al. 1967; Hislop, Harris, 
and Smith 1991; Robards et al. 1999; Vollenweider et al. 2011). 
Therefore, previously published (or analyzed) values should 
be used cautiously (even discounting the issue of differences 


in laboratory results). Changes in proximate composition 
are often related to prey reproductive condition, with gravid 
females being exceptionally high in lipid content. In com- 
parison, “spent” females may have very low lipid content; a 
change that can occur very rapidly. Seasonal changes in com- 
position can be extreme, as in the case of herring (one of the 
commonly fed species in aquariums), where fat content can 
range from 2-4% during early spring to 15-20% in the win- 
ter (Henderson and Almatar 1989; Rojbek et al. 2014). Other 
species, such as capelin, show equally impressive seasonal 
and developmental changes in composition (Montevecchi and 
Piatt 1984; Bragadottir, Palmad6ttir, and Kristbergsson 2002). 

Changes in energy content of fish can lead to a great dis- 
parity in energy intake, despite constant mass of fish being 
consumed. For example, 2 kg of a prey with 18% lipid and 
12% protein (wet weight) would have a total gross energy 
value of 8.7 MJ, whereas 2 kg of fish with 9% lipid and 12% 
protein would only yield 5.4 MJ of energy. These differences 
in composition due to seasonal or species variation in energy 
density need to be taken into account when calculating food 
intake. Additionally, while these two example species do not 
differ in their protein content, they will differ in the amount 
of heat lost (as the HIF) and also in the amount of preformed 
and potential metabolic water that is derived. 


Ways of Estimating Food 
Energy Kequirements 


Calculating an Individual Energy Budget 


The general bioenergetic scheme (Figure 29.1) presented at 
the start of this chapter can be used to construct an energy 
budget for any marine mammal. An appraisal of total energy 
requirements can be made with information either available 
(or at least estimable) for each parameter in the bioenergetic 
scheme. 

Mathematic models have been constructed to predict 
the energy requirements of different species of marine 
mammals. The primary intent is usually to produce an 
estimate of the ecological impact of populations of wild 
marine mammals on prey species. Only a handful of these 
studies are sufficiently detailed to be readily amenable to 
predicting the energy requirements of managed animals. 
These include models for Steller sea lions (Winship, Trites, 
and Rosen 2002), Pacific white-sided dolphins (Rechsteiner, 
Rosen, and Trities 2013a), North Atlantic right whales 
(Eubalaena glacialis, Fortune et al. 2013), gray whales 
(Villegas-Amtmann et al. 2015), killer whales (Williams et al. 
2011), and Northeast Atlantic minke whales (Markussen, 
Ryg, and @ritsland 1992). 

The mechanics of bioenergetic models can be complex 
and, as a result, the application of models to predict food 
intake requirements can be intimidating. We have provided 
the following highly simplified demonstration for calculating 
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the energy and food requirements for a 100 kg harbor seal 
eating a diet of herring to illustrate the process. 

First, let’s assume for the sake of brevity that the animal 
is not pregnant or actively growing (these would entail addi- 
tional steps specific to their life history phase), and living 
within its thermoneutral zone. Under such conditions, their 
energy requirements consist of resting metabolic rate and the 
cost of activity. HIF and FE and UE losses can then be added 
to these physiological energy expenditures to calculate the 
gross energy required from prey for the individual to achieve 
a balanced energetic state. 

The basic energy requirement of the seal is resting meta- 
bolic rate. If we assume an RMR just slightly (5x) higher 
than Kleiber’s (1975) allometric prediction for terrestrial mam- 
mals (which is also close to prediction from the equation by 
Hunter 2005), then 


RMR = 1.5 * 293(100)°”” = 13,898 kJ day 


To estimate the cost of locomotion, we need to estimate 
the distance travelled in a day. For this example, let’s assume 
20 km (12 mi) total, and that the seal is travelling at an opti- 
mal speed. This allows us to apply the simplified equation for 
locomotor costs (modified to provide a total in kJ day~!; Rosen 
and Trites 2002b): 


LC = 1.651 M™ = 20*1.6510100)'™ = 3, 458kjJ day 


If more detailed locomotor information is available (spe- 
cifically swimming speed), a more specific equation (e.g., 
for harbor seals, see Davis, Williams, and Kooyman 1985; 
Williams et al. 1991) might be applied. Also note that we have 
used the equation for LC rather than COT. This is because 
(as noted earlier) COT and total cost of swimming estimates 
include the cost of resting metabolism, and we do not want 
the basic cost of metabolism to be incorporated twice into 
our estimates. 

These rough calculations indicate that the total energy 
expended by the seal is 17,356 kJ day“! (13,898 + 3458 kJ day”). 
But not all of the energy that the seal consumes is available to 
meet these costs. Energy losses result from both HIF (0.17 x 
GED and combined UEL and FEL (0.15 X GED costs. The esti- 
mated required GEI is then 


GEI = FE + UE + HIF + (RMR + locomotion) 
GEI = (0.17 * GED + (0.15* GED + 17,356 


GEI = 25,523 kJ day"! 


This estimate suggests that the GEI of the seal would have 
to be 47% greater than their calculated daily energy expen- 
diture to satisfy their energy requirements. If we assume an 
energy density of herring of 7.8 MJ kg", then the seal’s energy 
requirement could be met by consuming 3.3 kg of fish. 

Using a bioenergetic scheme to predict the food intake may 
be more complex than warranted. However, understanding 


the individual sections of the scheme is important to bet- 
ter appreciate and predict changes in GEI requirements with 
changes in diet, activity, thermoregulation, and reproductive 
state. 


Using Mammalian Allometric Equations 


A number of review papers have determined interspecific rela- 
tionships between body mass and daily energy expenditures 
(DEE; usually measured from field studies of doubly labeled 
water turnover rates) in mammals. These comparisons have 
relied heavily on data from wild animals and, therefore, care 
should be taken on their application to marine mammals 
within aquariums, given the debate regarding how applicable 
estimates of wild consumption apply to animals under human 
care. On one hand, there is the theory that food requirements 
of managed animals are lower than their wild counterparts 
due to lower activity levels Gncluding a lack of foraging costs). 
On the other hand, there is the perception that marine mam- 
mals in aquariums are “overfed” compared to wild individuals. 
It is also important to note that many of these predictive mod- 
els are formulated almost exclusively from data on terrestrial 
mammals. This is an important consideration given the afore- 
mentioned debate regarding underlying metabolic differences 
between marine and terrestrial mammals. 

Despite these concerns, allometric relationships are 
potentially a powerful tool for predicting energy expendi- 
tures or food requirements. Part of the difficulty is choosing 
the most appropriate equation given the range of predictive 
relationships proposed (Figure 29.5). 

In theory, DEE (and GED should scale to body mass 
because resting metabolic rate—the “foundation” of bioener- 
getic expenditures—scales predictably to mass across a range 
of endotherms (Kleiber 1975; Schmidt-Nielsen 1984). The 
assumption is that, on an interspecific basis, the additional 
costs of activity, etc., are relatively uniform across broad phy- 
logenetic groups, such as “mammals.” 

Karasov (1992) examined the relationship between rest- 
ing metabolic rate and DEE among 17 species of mammals 
and found that DEE (exclusive of additional thermoregula- 
tory and production costs) averaged 2.65 x RMR. Although 
most of the animals surveyed were under 1 kg in mass, the 
data can be used to extrapolate a relationship between daily 
energy expenditure (DEE; kJ day~') and body mass (M; kg) 
where 


DEE = 759.5 M°*! 
Koteja 991) compared BMR and field metabolic rate 
(FMR) across a number of phylogenetic groups, including 18 
eutherian mammals where FMR was ~3.2 X BMR for a 100 kg 


animal. He also found that DEE scaled to body mass such that 


DEE = 520.0 M°°?3 
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Figure 29.5 Various allometric relationships predicting daily energy food requirements from body mass. The equations from Koteja (1991), Karasov 
(1992), and Nagy, Girard, and Brown (1999; carnivores only) are for daily energy expenditure (black lines), while the equations from Innes et al. (1987) 
and Perez, McAlister, and Mooney (1990) are for gross energy intake (blue lines). Actual equations provided in the text. Kleiber’s (1975) predictive 
equation for resting metabolic rate of adult terrestrial mammals is provided for comparison (dotted line). 


Nagy et al. 1999) undertook a similar survey and derived 
an overall equation for all mammals of 


DEE = 767.4M°”** 
A subset of these data that only included carnivores was 
DEE = 791.2M°? 


As demonstrated in Figure 29.5, most of these allome- 
tric relationships (with the notable exception of Koteja 1991) 
generate relatively similar estimates across a broad range of 
body mass, at approximately 3x Kleiber’s prediction for BMR 
(although also note the logarithmic scale). However, it does 
need to be reemphasized that these equations are largely 
based upon data from wild, terrestrial mammals. 


Using Food Ingestion Estimates 
from Past Captive Studies 


The aforementioned studies predicted daily energy expen- 
ditures (which approximates the required net energy intake 
when in energy homeostasis), whereas interspecific equations 
that provide estimates of GEI include the extra food intake 
required due to digestive efficiencies. Perhaps the most perti- 
nent allometric equations for husbandry purposes for estimat- 
ing food or energy intake across species would derive from 
marine mammals held in aquariums. For example, Worthy 


et al. (2014) summarized the available data for resting metab- 
olism and daily energy intake for killer whales in aquariums 
across a range of body mass. They found that resting metabo- 
lism was close to Kleiber’s (1975) interspecific regression, and 
that daily intake requirements were ~3x this amount. 

Estimates of energy intake are the most physiologically 
relevant measure of food consumption, but these are not 
always available. Rate of biomass consumption is frequently 
used as a measure of food consumption in comparative stud- 
ies, despite the fact that it cannot take into account differences 
in the energy content of food. Even with this shortcoming, 
the large amount of data available—particularly for managed 
marine mammals—makes this type of comparison valuable 
for predicting food intake levels across species. 

For example, Innes et al. 987) found that rates of bio- 
mass ingestion in relation to body mass in marine mammals 
(seals and whales) were statistically similar to ingestion rates 
measured for terrestrial carnivores held in zoos, or estimated 
for mammals in the wild. The equation for ingested biomass 
CIB; kg day") for growing marine mammals was 


IB = 0.123 M°*? 


They similarly derived an allometric relationship to predict 
gross energy intake (GEI, kJ day) for a combined dataset of 
nonmustelid, carnivorous terrestrial, and marine mammals as 


GEI = 448 M°*” 
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This equation was based on the observation that there 
was no statistical difference between the terrestrial and 
marine groups. They did, however, find that the rate of 
energy ingestion by growing juvenile pinnipeds was rel- 
atively higher than for the juvenile terrestrial carnivores 
sampled. They proposed that this result arose from dif- 
ferences in body masses and growth rates represented by 
the two samples, rather than from any fundamental differ- 
ences between juvenile pinnipeds and juvenile terrestrial 
carnivores. 

Innes et al. 987) also reported that, among pinnipeds, 
there was no significant difference in the rates of energy 
ingested by growing juvenile phocid seals and growing juve- 
nile otariids. Further, growing juvenile phocids ingested 
about 1.38 times more energy than juvenile phocid seals at 
maintenance. In addition, the latter required about 1.40 times 
more energy for maintenance than adult phocids of similar 
size. 

Perhaps the most comprehensive multispecies study of 
the food intake of marine mammals under human care was a 
survey by Perez et al. (1990) of 115 individual pinnipeds and 
cetaceans held in zoos and aquariums. The study produced 
an equation (and 95% confidence limits) to predict gross 
energy intake for 39 pinniped species, where 


GEI = 1556 M°” 


A separate equation was derived from data from 69 odon- 
tocetes as 


GEI = 1326 M°”? 


Further, a single allometric equation could be produced to 
describe both groups of animals (pinnipeds and odontocetes): 


GEI = 1385 M°”? 


It is notable that the Perez et al. (990) equation is com- 
parable to the previously described equations based upon 
wild terrestrial mammals (Figure 29.5). As unique as this 
survey was, it is also important to note that the database 
included individuals of all ages and reproductive status. 
Aside from this contributing to the overall variation, it is 
unclear how valuable this type of analysis is for predicting 
the specific food requirements of individuals at different life 
stages. 

While allometric equations are useful for predicting 
the intake levels of “data poor” marine mammal species, 
probably the most accurate means of estimating the food 
intake requirements of marine mammals held under human 
care is from comparable data from individuals of the spe- 
cies in aquariums. Given the number of marine mammals 
maintained historically in zoos and aquariums, surpris- 
ingly little lifetime food intake data have been published 
that explicitly quantify changes in the food requirements 


of marine mammals under human care over the course of 
their life. This type of data is valuable, as they provide esti- 
mates specific to developmental stage (body mass), whereas 
allometric equations typically predict adult (or mixed age) 
requirements (Figure 29.6). 

Kastelein and colleagues have published the most num- 
ber of studies, including data on Atlantic bottlenose dolphins 
(Kastelein, Staal, and Wiepkema 2003), California sea lions 
(Kastelein et al. 2000), South American sea lions (Otaria fla- 
vescens; Kastelein et al. 1995), beluga whales (Kastelein et al. 
1994), Steller sea lions (Kastelein, Vaughan, and Wiepkema 
1990), gray seals (Kastelein, Wiepkema, and Vaughan 1990), 
and killer whales (Kastelein and Vaughan 1989; Kastelein et 
al. 2003). Additional lifetime food intake data can be found for 
captive walrus (Noren, Udevitz, and Jay 2016) and Australian 
Indian Ocean bottlenose dolphins Wursiops aduncus, Cheal 
and Gales 1992). 
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Figure 29.6 Estimates of average food intake (kg day-') as a propor- 
tion of body mass for four species of marine mammals under human 
care. Data are presented for (top panel) California sea lions (Kastelein 

et al. 2000) and bottlenose dolphins (Kastelein, Stahl, and Wiepkema 
2003), and (bottom panel) beluga whales (Kastelein et al. 1994) and killer 
whales (Kastelein et al. 2003). 
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When Requirements Do 
Not Equal Intake 


Fasting and Starvation 


It is not unusual for the intake levels of marine mammals 
to not be at maintenance levels, even when the demands 
for developmental growth are taken into account. At certain 
times of the year, food intake is in excess of immediate ener- 
getic expenditures, resulting in the buildup of lipid stores. 
These stores are commonly sequestered in the hypodermal 
blubber layer, but significant abdominal lipid deposits also 
occur. These lipid energy reserves are utilized at other times 
of year when energy expenditures outstrip food intake levels. 

The most extreme example of this imbalance occurs 
when animals are fasting. Fasting is a normal part of the 
life cycle of many pinnipeds and cetaceans. Fasting occurs 
whenever an animal has a more important activity to per- 
form, even in the presence of available food (Mrosovsky and 
Sherry 1980). Prolonged periods of fasting can be associated 
with lactation, migration, defending a territory, or molting 
(discussed in next section). Indeed, in some species, such as 
northern elephant seals, adult territorial males may not feed 
for 5-6 months of each year. Marine mammals are physio- 
logically adapted to fasting; it is a natural, hormone-mediated 
response to predictable periods of either low food availabil- 
ity or a lack of opportunities to forage. The role of hor- 
mones (mediated by a variety of environmental cues, such as 
temperature and light cycles) means that natural fasting may 
occur in aquarium animals despite ad libitum access to food; 
during these periods, there may be low food intake in these 
animals. Starvation differs from fasting, in that it is associated 
with an unexpected decreased or nonexistent food supply. 
Fasting animals are “adapted to maintain a level of metabolic 
homeostasis so that critical organ function is maintained,” 
whereas in starvation, “homeostatic control is lost and criti- 
cal organ function becomes compromised” (Castellini and 
Rea 1992). 

Fasting animals undergo a predictable series of physiolog- 
ical responses. This includes a predictable pattern of changes 
in the tissues catabolized to maintain homeostasis, maintain 
glucose availability for the central nervous system, and meet 
energy demands. Details of these physiological changes are 
reviewed in Rosen and Hindle (2015), who describes how 
natural periods of fasting affect an animal's nutritional intake 
requirements and energy balance throughout the year. 

In addition to changes in metabolic fuel sources, most 
mammals display changes in metabolism during periods of 
fasting or hypophagia. Metabolic depression is the controlled 
decrease in resting metabolism beyond that which can be 
accounted for by concurrent changes in body mass (Guppy 
and Withers 1999). This response serves to decrease the 
potential net energy deficit by decreasing energy expendi- 
ture, thereby decreasing rates of mass loss (and postponing 


eventual death). For example, fasting Steller sea lions clearly 
demonstrated metabolic depression, with animals decreasing 
their resting metabolic rate by up to 30% (Rosen and Trites 
2002a). This response is mediated by adaptive biochemical 
and hormonal changes (Castellini and Rea 1992; Rea et al. 
2009). The rapid metabolic response demonstrated, partic- 
ularly among young pinnipeds, is likely linked to the ini- 
tial changes in metabolic fuel substrate that occurs in the 
first few days of the fast. In harbor seals, fasting metabolism 
was attained within 24 hours (Markussen 1995), and a simi- 
larly rapid response was suggested for gray seals (Boily and 
Lavigne 1995). 

The postweaning fast of phocid seal pups has been the 
most commonly studied period of natural fasting. In many 
phocid species, newly weaned pups undergo a postweaning 
fast that may last up to 10 weeks while they molt and transi- 
tion to solid food (Boyd, Lockyer, and Marsh 1999). Some 
species fast on land (e.g., gray seals or elephant seals), while 
others fast in the water (e.g., harp seals). As a consequence 
of the different thermal stresses resulting from fasting either 
on land or in water, different species have evolved distinct 
energy utilization strategies involving the differential catab- 
olism of blubber and core energy stores to meet energetic 
demands (Worthy 1987, 1991b). The preferential consump- 
tion of core reserves of fat and protein (muscle and visceral 
stores) in harp seals allows this species to conserve its insula- 
tive blubber layer to prevent excessive heat loss to the cold 
aquatic environment (Worthy and Lavigne 1983, 1987; Norday, 
Aakvaag, and Larsen 1993). Species such as northern elephant 
seals or gray seals, which fast on land, almost exclusively 
use blubber as their energy source while conserving protein 
(which provides <4% of metabolic energy; Ortiz, Costa, and 
Le Boeuf 1978; Pernia, Hill, and Ortiz 1980; Nord@y and Blix 
1985; Worthy and Lavigne 1987; Rea and Costa 1992; Adams 
and Costa 1993). Pups of these pinniped species commonly 
exhibit a significant decrease (up to 45%) in resting metab- 
olism during the fast (Worthy and Lavigne 1987; Nord@y, 
Ingebretsen, and Blix 1990; Rea and Costa 1992; Adams and 
Costa 1993; Nordoy, Aakvaag, and Larsen 1993; Boily and 
Lavigne 1995). Interestingly, harbor seal pups (which do 
not generally undergo prolonged fasts) showed only a 20% 
decline in metabolism during a forced fast and obtained only 
77% of their energy from fat (Markussen, Ryg, and @ritsland 
1992), suggesting they rely on a relatively high rate of protein 
utilization. 

As previously noted, lactating phocid seals fast for peri- 
ods of up to 4 weeks (Figure 29.4; see Chapter 10; Boyd, 
Lockyer, and Marsh 1999). For females, this requires a suite of 
adaptations to maintain high rates of energy delivery to their 
pups despite a lack of food intake (Champagne et al. 2012). 
Territorial male phocids may fast for considerably longer peri- 
ods, of up to 4 months, while they vigorously defend their 
territories (Le Boeuf 1994). Male otariids also do not feed for 
substantial periods (up to 3 months) when holding territories 
during the breeding season. 
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Otariid females and their pups undergo intermittent peri- 
ods of fasting during lactation (Figure 29.4), albeit for con- 
siderably shorter periods than do phocids. An otariid female 
usually nurses her pup on shore for a period of 2-3 days 
during which time she does not feed. The mother then goes 
to sea to feed for as little as 1 day in the California sea lion 
(Trillmich 1990) to as many as 2 months in the subantarctic 
fur seal (Verrier et al. 2011), during which time the pup fasts. 
These alternating periods of feeding and fasting continue 
throughout the nursing period, which may last 6-9 months 
(Boyd, Lockyer, and Marsh 1999). Compensating changes in 
metabolism are less well studied for otariids pups, but the 
available evidence indicates a degree of metabolic depres- 
sion during onshore fasting bouts (Rea, Rosen, and Trites 
2000; Arnould, Green, and Rawlins 2001, Verrier et al. 2009). 
The pups of most otariids species do not fast once weaned, 
although they do remain on the beach for some time after 
weaning, and there are little data on how soon after entering 
the sea they begin to forage efficiently. 

Most mysticete whales alternate between summer high- 
latitude destinations, where individuals feed intensively, and 
winter low-latitude destinations. The common hypothesis is 
that the warm protected environment is complementary to 
the optimization of energy budgets and calf survival, despite 
the fact that food is scarce or nonexistent (Brodie 1975; 
Clapham 200D. It has also been assumed that most species 
fast during the migration itself, based primarily upon travel- 
ling speeds. Such fasting episodes would require significant 
tissue catabolism. However, as with phocid pups that fast in 
water, depletion of the external blubber layer could result in 
additional thermoregulatory costs. Rice and Wolman (1971) 
reported that weight losses in fasting, migrating gray whales 
were due more to usage of internal fat stores rather than the 
blubber layer. There is growing evidence, however, that some 
food intake occurs during both the migration and reproduc- 
tion phases of the annual cycle (De Sa Alves et al. 2009; 
Owen et al. 2016; Silva et al. 2013). 

Best (1981) suggested that some Amazonian manatees 
fast for extended periods during the dry season, when regular 
food sources are not available. During this time of the year, it 
is thought their extensive blubber reserves and low metabolic 
rate enable them to fast for up to 200 days (Best 1983). 


Molt 


The molt in marine mammals is usually defined as a distinct 
period of pelage replacement; as such, it applies primarily to 
pinnipeds. Sea otters undergo a molt during the initial transi- 
tion between juvenile and adult pelage; however, given the 
importance of their coat for thermoregulation, the pattern is 
different than in pinnipeds. Following that, sea otters do not 
have an annual molt and gradually lose and replace their pel- 
age over the course of the year. Some cetaceans (e.g., beluga 
whales) undergo extensive dermal replacement at certain 
times of the year, and thus many of the same points raised 


for pinnipeds may apply to select cetacean species. The molt 
period is of concern for two reasons when estimating food 
and nutritional requirements for marine mammals: (1) the 
direct effects on energy expenditure and (2) the potential 
disruption of food intake. 

In phocid seals, the molt usually occurs after the mating 
season and involves the replacement of the entire pelage 
(Ling 1984). Many free-ranging animals generally remain 
ashore during the molt, which may last 4-6 weeks, dur- 
ing which time they are presumably fasting. This onshore 
time is presumed to limit thermal losses from compromised 
pelage, as well as to increase the rate of hair replacement 
by allowing skin temperatures to rise above ambient water 
temperatures (Frisch and @ritsland 1968). This requires that 
the animal haul out on a beach or on ice to molt, which 
obviously does not allow for feeding. A lack of interest in 
feeding has been noted for several managed species during 
this period; animals may have the opportunity, but not the 
inclination, to feed (Renouf and Noseworthy 1990; Renouf, 
Gayles, and Noseworthy 1993; Lager, Nordgy, and Blix 1994; 
Rosen and Renouf 1998). Some indoor facilities have found 
improved progression of the molt under natural photoperiod 
conditions (Ronald et al. 1970). 

The molt is also a period of reorganization of existing pro- 
tein stores. Since the animals are fasting, all protein required 
for new hair growth must be of endogenous origin. However, 
the replacement of pelage and dermis represents a direct, but 
relatively insignificant, cost. More substantial are the metabolic 
changes associated with the molt. Commencement of molting 
in phocids coincides with a decrease in plasma thyroxine 
and an increase in plasma cortisol (Ashwell-Erickson et al. 
1986; Riviere, Engelhardt, and Solomon 1977; see Chapter 8). 
These hormonal changes are also correlated with a decrease 
in resting metabolism in managed phocids (Ashwell-Erickson 
and Elsner 1981; Renouf and Noseworthy 1991; Rosen and 
Renouf 1998), although there are also reports of increased 
metabolism (Boily 1996). Further, the molt period is char- 
acterized by a general lack of activity, suggesting that it is a 
period of low energy requirement. 

Studies have also been completed on molting in free- 
ranging phocids, including northern and southern elephant 
seals (Slip, Gales, and Burton 1992; Worthy et al. 1992; Boyd, 
Arnbom, and Fedak 1993). In both cases, average daily meta- 
bolic rate was 2.0-2.4 times predicted basal metabolic rate, 
although it is unclear whether this represented hypo- or 
hypermetabolism per se. Overall, elephant seals lost mass at 
a rate of 3.0 kg per day, with approximately 3.5% of total mass 
loss being associated with shedding of hair and skin 13.5 kg; 
Worthy et al. 1992). In northern elephant seal pups, molting 
accounts for 9-16% of the total energy expenditure during 
fasting (Noren et al. 2003). 

The molting period is less of a traumatic experience 
for otariids and does not involve total replacement of the 
pelage (Scheffer 1962). Molt in otariids is an annual event 
and can take up to 4-5 months. This can have substantial 
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costs: nonreproductive California sea lions exhibit a signifi- 
cant increase in resting metabolic rate, although this increase 
is not apparent for reproductive individuals (Williams et al. 
2007). The length of the molt in otariids means that there 
is not necessarily the same temporal disruption of energy 
requirements and food intake (additionally, the molt period 
can overlap with periods of increased seasonal mass gain). 
For example, the energy intake of nonreproductive California 
sea lion females during the molt period was approximately 
3.4 times the maintenance energy demand. This increase in 
food intake was almost as high as that exhibited by reproduc- 
tive females during the peak of the lactation period (Williams 
et al. 2007). As demonstrated by New Zealand sea lions 
(Phocarctos hookeri) and Steller sea lions, the timing of the 
molt may be staggered by age class across different times of 
the year, and animals may not undergo a complete molt in 
their first year (McConkey, Lalas, and Dawson 2002; Daniel 
2003). Molting for fur seals has greater potential to impact 
thermodynamic costs if there is significant degradation of 
the pelage, given their greater reliance on fur for insulation. 
In northern fur seals, molting is a gradual process, with old 
hairs being shed singly as new ones erupt. Thus, the fur seal 
always has a coat that effectively insulates and waterproofs. 
The molt is not accompanied by major changes in the epider- 
mis, compared to that seen in monachine phocids (such as 
Weddell seals Leptonychtes weddelli, elephant seals, or monk 
seals, Monachus sp.), where large sheets of epidermis are lost 
with the hair. The thermal conductance of pre-molt northern 
fur seal pups in water was approximately twice that of post- 
molt pups (Donohue et al. 2000). This suggests that timing of 
development of thermoregulatory capabilities associated with 
the molt plays a significant role in determining the amount of 
time northern fur seal pups spend in the water. 


Marine Mammal Nutrition 


Guaranteeing that an animal’s food intake fulfills all of its 
physiological needs is more complex than just ensuring that it 
receives sufficient energy intake. The science of animal nutri- 
tion is well established, originating with domesticated and 
agricultural species, and progressing with the goal of ensuring 
the proper nutrition of the vast array of species maintained 
under human care in zoos and aquariums. Several general- 
ized books address the latter (e.g., Fidgett 2003; Kleiman, 
Thompson, and Baer 2010; Rees 2011, as well as specialized 
documents on specific species (most notably the series of 
National Research Council Publications). Many major institu- 
tions now employ a staff nutritionist to assist in maintaining 
healthy managed populations. 

Despite the long history of marine mammals maintained 
in zoos and aquariums, remarkably little is known in regard 
to how many aspects of marine mammal nutrition differ from 
other mammals. When the topic was first addressed, Keyes 
(1968) began his summary with the statement that “if we had 


to describe the extent of our knowledge of the nutritional 
requirements of seals in just three words we could probably 
best do so by saying ‘they eat fish’” While advances have 
been made since this first synopsis of marine mammal nutri- 
tion, the field still lags behind that of many other groups of 
managed animals. 

The basic dietary components in the food of marine 
mammals—fat and protein—are usually discussed in refer- 
ence to their ability to satisfy energy requirements, but are also 
important in providing water (see Water Requirements below). 
Lipid content is also important in regard to degradation in 
food quality (see Considerations of Prey Quality below). Most 
mammals have unique fat and protein requirements, but the 
specific requirements for different marine mammals are not 
known. While the fatty acid profile of marine mammals has 
been extensively studied, this has almost exclusively focused 
on questions of ecology or the effects of human consumption 
rather than nutritional requirements (although there are no 
indications that marine mammals have unusual essential fatty 
acid requirements). Similar gaps exist in our knowledge of 
specific mineral requirements for almost all species of marine 
mammals. 

There is a general perception that marine mammals 
“require” high levels of lipids in their prey. Certainly high-lipid 
prey has the benefit of maximizing energy intake while mini- 
mizing required food mass (a practical consideration in many 
facilities). However, it is also important to note that as the 
concentration of fat increases, both the protein-to-calorie and 
water-to-calorie ratios decrease, which may have their own 
nutritional and health implications. It also follows that the 
intake of fat-soluble vitamins will increase and water-soluble 
vitamins will decrease with increasing fat content. Further, as 
discussed in the first part of this chapter, digestive efficiencies 
may decrease with extremely high lipid levels. There is also 
evidence that some species of marine mammals are not phys- 
iologically equipped to process high lipid loads, which may 
result in a number of health concerns, including detrimental 
lipid deposits and the potential for contributing to pancre- 
atitis, fatty liver disease, and metabolic syndrome (Meegan 
et al. 2008; Sweeney and Ridgway 1975; Venn-Watson et al. 
2015). There is a perception among some aquarium staff that 
temperate marine mammals require lower-lipid prey than 
polar species (based on the generalization that polar fish spe- 
cies have higher lipid contents), although this has never been 
clearly tested. 

The lack of information on marine mammal nutrition is 
of serious concern. Within this section, we describe some 
of the more common and overt diet-related health issues of 
marine mammals under human care. However, as noted by 
Oftedal and Allen (1996), it is important to understand that 
inadequate diet contributes to a vast range of health issues 
that are more subtle and might not be immediately identified 
as nutrition-related, including increased susceptibility to dis- 
ease, decreased fertility, lower neonatal survival and growth, 
and even impaired cognitive ability. 
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Specific Dietary Needs 


Vitamin Supplementation As a matter of general practice, 
many species held in modern zoos and aquariums are main- 
tained on diets of fresh food, similar to what they would 
consume in the wild. When a “natural” diet is not feasible, 
alternate fresh prey items are substituted to best fulfill their 
nutritional requirements. Unfortunately, this strategy is usu- 
ally not feasible for marine mammals. Marine mammals in 
aquariums are generally fed with diets that predominantly 
consist of commercial fish species, although many marine 
mammals in the wild may not eat those particular species. 
Usually, marine mammal diets are dictated by a combination 
of economics and food species availability. This often results 
in diets that consist of one, or at best, a few, species. Results 
of field studies have consistently shown that many marine 
mammals consume highly varied diets, which change both 
seasonally and by region. This variety in the diet was tradi- 
tionally thought to reflect opportunistic foraging strategies. 
However, modern nutritional theory posits that diet diversity 
is a deliberate strategy that allows for potential nutritional 
shortcomings of one prey species to be made up for by inges- 
tion of other species (Raubenheimer and Simpson 1999; Kohl, 
Coogan, and Raubenheimer 2015). Providing a varied diet 
to managed mammals will supply a wide range of energy 
sources, amino acids, minerals, vitamins, etc., while offering 
a diet of only one or two food species may lead to possible 
nutritional deficiencies. Additionally, feeding prey of a variety 
of sizes and textures may increase appetite and overall wel- 
fare (Manteca et al. 2008). 

Further, the amount of food required by their large size 
inevitably ensures that food items for marine mammals are 
previously frozen, and may be stored for long periods of time. 
Both a lack of diet diversity and the reliance on frozen food 
items present potential nutritional challenges. Some of these 
can, theoretically, be overcome by vitamin supplementation. 
For example, the diversity of prey items consumed by wild 
marine mammals contains a variety of fat-soluble vitamins, 
including vitamin A (retinol) and vitamin E (tocopherol). 
However, marine mammals in aquariums may not receive the 
same levels of vitamins from their diet due to a lack of diet 
diversity, as well as leaching of vitamins during the freezing, 
storage, and thawing process (see Geraci 1975). Fat-soluble 
vitamins tend to be lost from fish during frozen storage due 
to lipid degradation. Some water is also lost from frozen fish, 
but the major loss of water-soluble vitamins occurs during the 
subsequent thawing (particularly if running water is used) and 
preparation (particularly from fluid loss when fish are cut) of 
food items (Crissey 1998). Vitamin supplementation of marine 
mammal food in zoos and aquariums has become standard 
practice. The aim is to offset any deficiencies in micronutrients 
resulting from their diet, including any vitamins lost during 
the freezing and thawing process. Several manufacturers make 
a supplement specific to marine mammals, although these 


supplements are neither age- nor species-specific (Gimmel, 
Baumgartner, and Liesegang 2016). It is also important to note 
that oversupplementation of vitamins can also have health 
consequences (see Major Nutritional Disorders below). 


Water Requirements Proper water balance is essential for 
all living organisms, although it is not usually considered in 
terms of nutrition. Removing excess water to maintain osmotic 
balance is not typically a problem for mammals, assuming 
normal kidney function. However, excess solute intake asso- 
ciated with seawater ingestion (either directly or through their 
prey) can be a greater concern. In the wild, acquiring suf- 
ficient water is rarely problematic, but the artificial feeding 
and holding conditions in zoos and aquariums makes this 
topic worthy of discussion in the context of animal health 
and nutrition. 

There are three sources of water that an animal can 
use: (1) water contained in their food, (2) metabolic water 
from catabolism of internal tissues, and (3) direct ingestion 
of water. The latter includes a certain amount of water that 
marine mammals will inevitably ingest when swallowing 
their prey. However, they also possess a variety of anatomi- 
cal adaptations for minimizing water intake when feeding. 
Probably the most extreme example is the sieving function 
of baleen in large Mysticete whales (Marshall and Goldbogen 
2015). Captive northern fur seals have been shown to con- 
sume very small quantities of seawater (1.8 ml kg! day) 
incidental to feeding (Fadely 1988), as have harbor seals 
(4.8 ml kg? day!; Depocas, Hart, and Fisher 1971). 

The primary source of water for marine mammals is nor- 
mally the water contained in their food, which can be divided 
into preformed and metabolic water. Preformed water is that 
water that is a direct component of food. Since most fish 
and invertebrates consist of 60-80% water, this can supply 
a considerable amount of free water. Metabolic water is that 
derived from the metabolism of fat, protein, or carbohydrate 
found in food. An animal can derive 1.07 g of water from 
each gram of fat, and 0.4 g of water from each gram of protein 
that is catabolized. 

Obviously, this important source of water is unavail- 
able during fasting periods. When fasting, marine mammals 
derive not only energy but also water from tissue catabolism. 
Fasting marine mammals primarily catabolize lipids, although 
they also rely on measurable levels of protein (proteolysis) to 
provide amino acids for gluconeogenesis (Rosen and Hindle 
2015). Lipid catabolism provides not only the required energy 
but also metabolic water. However, in some species, tissue 
protein may be used extensively during fasting. Fasting bot- 
tlenose dolphins and Pacific white-sided dolphins lose mus- 
cle as rapidly as body fat, and apparently meet their glucose 
requirements through catabolism of protein (Ridgway 1972). 
Animals that use protein as a significant energy source while 
fasting face the additional challenge of ridding their bodies of 
nitrogenous wastes via urinary excretion, potentially resulting 
in marked water losses (see below). This may be alleviated by 
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the fact that muscle tissue is approximately 72% water. Water 
derived from tissue catabolized primarily for energy allows 
marine mammals to undergo prolonged fasts without con- 
cerns over maintaining osmotic balance. Pilson (1970) main- 
tained a sea lion without access to fresh or saltwater for 
45 days without adverse nutritional effects. 

Coincident with production of metabolic water during 
fasting, osmotic balance is maintained by minimizing water 
loss through various mechanisms. Routes of water loss from 
the body are either by evaporation or via urine or feces. 
Much of the anatomy and physiology of marine mammals 
is adapted for reducing water loss (Suzuki and Ortiz 2015). 
Marine mammals possess either very few (pinnipeds) or no 
(cetaceans and sirenians) sweat glands (see Chapter 7), and 
surface evaporation is therefore a minor route of water loss. 
Similarly, evaporation from the respiratory tract is low due to 
the presence of countercurrent exchangers, similar to those 
found in desert species, which help retain moisture (Huntley, 
Costa, and Rubin 1984). Respiratory evaporative water loss 
in gray seals constitutes only between 2% and 11% of total 
measured water loss (Folkow and Blix 1987). 

Urinary water losses during fasting vary depending on 
the level of protein catabolism that, as previously noted, can 
vary widely with species. Protein breakdown results in the 
formation of urea, which is subsequently lost in the urine. 
While kidney function dictates how concentrated the urine 
can become, increased protein catabolism inevitably results in 
increased water losses for removal of urea. Marine mammals 
generally have higher maximum urine osmolarity (Suzuki and 
Ortiz 2015), but species that regularly undergo fasts have kid- 
neys that are able to produce even more highly concentrated 
urine. Fasting northern elephant seal pups reduced urine out- 
put by 84% after 10 weeks of fasting (Adams and Costa 1993), 
complementing other water sparing mechanisms, a critical 
adaptation for a species that fasts without access to alternate 
water sources. 

Marine mammals can also obtain water by controlled 
ingestion. As previously noted, marine mammals possess 
various mechanisms for limiting incidental water intake 
while feeding (Marshall and Goldbogen 2015). However, 
seals, sea lions, and porpoises have been shown to either 
ingest seawater or at least be capable of it (Telfer, Cornell, 
and Prescott 1970; Ridgway 1972; Bester 1975; Gentry 1981, 
Hong et al. 1982; Hedd, Gales, and Renouf 1995). From an 
animal health perspective, the question is whether marine 
mammals under human care require access to sources of 
either fresh or saltwater. It has been hypothesized that mari- 
posia (seawater drinking) may be beneficial to animals on a 
high-protein diet, since seawater can provide urinary osmotic 
space for urea (Wolf et al. 1959; Gentry 1981; Hui 1981; Costa 
1982; Ridgway and Venn-Watson 2010). For example, sea 
otters have one of the highest reported rates of seawater 
consumption for any marine mammal, averaging 62 ml ke! 
day"! (Costa 1982). Incidental ingestion of seawater while 
swallowing prey is unlikely, since otters consume their prey 


while floating on their backs (Kenyon 1981). Instead, it has 
been suggested that sea otters may actively consume sea- 
water to aid in dealing with high rates of urea production 
(Costa 1982). However, Ridgway and Venn-Watson (2010) 
found that ingestion of seawater while also ingesting protein 
appears to push the limits of osmoregulation capacity and 
urine solute concentrations in dolphins. Yet, experimentally 
dehydrated harp seals are physiologically capable of restor- 
ing water balance through seawater consumption, although 
it has not been demonstrated to occur naturally (How and 
Nordgy 2007). 

Seawater ingestion has been quantified in a number of 
other marine mammals, typically in fasting animals. Antarctic 
fur seal pups have been shown to ingest water at a rate of 
12.6 ml kg day (Lea et al. 2002). Young hooded seals drank 
9 ml kg! day"! seawater while having regular access to food 
(about 14% of total water turnover), while young harp seals 
drank 19 ml kg™ day! (about 27% of total turnover; Skalstad 
and Nordgy 2000). During their postweaning fast, hooded 
seal pups consumed either 8 ml kg" day of water via snow 
or 10 ml kg?! day? as seawater, accounting for over half 
of their total water influx (Schots, Bue, and Nord@y 2016). 
Common dolphins drank 12-13 ml kg! day! of seawater 
while not feeding, and additionally took in approximately 
73 ml kg! day (70% of total influx) across the skin surface 
(Hui 1981), similar to what has been reported for harbor por- 
poises (Andersen and Nielsen 1983). Feeding Atlantic bottle- 
nose dolphins had a water flux of 42.1-71.3 ml kg? day, 31% 
from preformed and metabolic water and 69% from drink- 
ing water and/or water crossing the skin surface (Costa and 
Worthy, unpubl. data). 

Not all marine mammals live in the marine environment, 
such as those that inhabit freshwater rivers (e.g., Amazon River 
dolphins, Inia geoffrensis, or manatees) or lakes (e.g., some 
harbor and ringed seals). These species obviously have a 
source of freshwater if they need it. Seals have been observed 
to chew on ice or snow, and seals under human care have 
been observed to drink from a hose or trough (Urving, Fisher, 
and McIntosh 1935; Rand 1955; Renouf, Noseworthy, and 
Scott 1990; Ridgway 1972; Tarasoff and Toews 1972). There 
is anecdotal evidence that lactating gray seals prefer habitat 
with freshwater pools, presumably as a source of ingestible 
water (Stewart et al. 2014). 

Little is known about the ability of manatees to osmo- 
regulate and maintain water balance, but their anatomy sug- 
gests an ability to concentrate their urine (Hill and Reynolds 
1989; Maluf 1989). Manatee osmoregulation and water bal- 
ance have been examined (Ortiz, Worthy, and Byers 1999; 
Ortiz, Worthy, and MacKenzie 1998) with animals held under 
various conditions, including some that were maintained in 
saltwater (34 ppt), with a freshwater source available, and fed 
with sea grasses, beets, and lettuce. When these saltwater 
animals were fed only sea grass for a period of 9 days, with 
no access to freshwater, plasma osmolarity and sodium and 
chloride concentrations increased significantly. The manatees 
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eventually refused to eat the high salt sea grass, suggesting 
that wild manatees may require regular access to fresh or 
brackish water to meet water balance needs. In managed 
situations, this need is met by drinking freshwater or by eat- 
ing food that is high in free water (e.g., lettuce: ~94% water). 
Manatees living in freshwater and consuming lettuce had 
the highest rates of water intake (45 ml kg! day~!), while 
individuals held in saltwater and also eating lettuce had 
significantly lower intakes (45 ml kg"! day~), and manatees 
chronically exposed to saltwater and eating sea grasses had 
the lowest rate of intake (21 ml kg day7!; Ortiz, Worthy, and 
Byers 1999). 


Considerations of Prey Quality Marine mammals under 
human care are typically fed with commercially caught, fro- 
zen prey. This section is not intended as a guide to proper 
handling procedures of previously frozen food (reviewed 
extensively in Couquiaud 2005; Crissey 1998), but serves 
to highlight relevant facts relating directly to the nutritional 
value of prey fed to animals under human care. 

Whole fish supplied by fisheries for marine mammal con- 
sumption should be caught, processed, and stored as if they 
were intended for human use (a regulation in many jurisdic- 
tions). Freezing the fish has its benefits, particularly in relation 
to destruction of parasites. It also suspends or slows the inevi- 
table natural degradation of proteins and lipids and risk of 
bacterial infection associated with dead tissues. However, it 
is important to note that not all fish are processed identically 
(e.g., IQF vs. block freezing, but also the time before freezing 
when caught), and this can impact their nutritional value to 
the animals. It is also important to note that nutritional deg- 
radation of fish can occur both prior to freezing and during 
subsequent thawing processes. 

Fish protein degenerates rapidly and results in changes of 
flavor and texture, as well as the release of amino acids that 
may either be lost in thawing or become a substrate for bac- 
terial contamination. Some amino acids may undergo decar- 
boxylation and become powerful and potentially dangerous 
amines (some of which have been linked to gastric ulcer 
formation, and depressed growth rates in chicks). Amines, 
especially in conjunction with other nitrogenous metabolites, 
also produce foul aromas and lower protein digestibility of 
the fish. 

Lipids are also major contributors to deteriorative changes 
in fish. Fat degradation occurs readily through the action of 
endogenous enzymes even at below freezing temperatures, 
although largely not below -20°C (-4°F). The changes that 
occur in lipids include hydrolytic reactions that result in loss 
of water from the fish and the breakdown of fatty tissues, as 
well as oxidative rancidity. Byproducts of these reactions are 
carbonyl compounds and peroxides that can be dangerous to 
the animal in several ways. For this reason, peroxide analysis 
should be conducted on fish samples throughout their storage 
life. Apart from the direct toxic effects of damaged fats, they 
have been implicated in increasing an animal’s susceptibility 


to certain diseases. Oxidative changes in fats accelerate the 
exhaustion of vitamin E stored in the fish, and lack of this 
vitamin may in turn lead to muscle and liver damage. Vitamin 
A is also destroyed by oxidative changes in fat (see Vitamins 
A, D, and E Deficiency). 

Overthawed or poor-quality fish may harbor a variety of 
microorganisms that produce toxins dangerous to animals. 
Fish may be contaminated at several stages during capture, 
freezing, transport, and thawing. At whatever stage contami- 
nation occurs, fish ultimately provide a rich substrate for bac- 
terial generation, growth, and toxin production, all of which 
can take place at temperatures below —5°C (23°F). Bacterial 
activity increases with warmer temperatures, which make 
thawing fish and bucketed fish even more susceptible to con- 
tamination (Huss 1995). 


Major Nutritional Disorders 


Thiamine Deficiency 


Thiamine deficiency can be induced by an animal feeding on 
one or more varieties of fish that contain the enzyme thiami- 
nase (Table 29.2). 

Thiaminase is not a single compound, but a mixture of 
heat-labile and heat-stable compounds (Fujita 1954) that are 
widely found in clupeid (herring) and osmerid (smelt) fishes. 
Although freezing slows the action of thiaminase, it does not 
retard it completely (Geraci 1974). There is also evidence that 
thawing techniques, including the use of running water, might 
lead to lower thiamine concentrations (Gimmel, Baumgartner, 
and Liesegang 2016). 

Thiamine deficiency results primarily in a decrease in 
the functional integrity of cells in the brain. More specifically, 
it leads to the development of impaired energy metabolism 
due to mitochondrial dysfunction in focal regions of the brain 
resulting in cerebral vulnerability (Abdou and Hazell 2015). 
Thiamine deficiency is likely very rare in the wild, but has 
been indicated in several species of managed marine mam- 
mals, including gray seals (Myers 1955), California sea lions 
(Rigdon and Drager 1955), and an Atlantic bottlenose dolphin 
(White 1970). 

Thiamine deficiency has been experimentally induced in 
harp seals in a study that demonstrated that clinical signs of 
the disorder result from vitamin deprivation combined with 
hyponatremia (Geraci 1972b). Thiamine-deprived harp seals 
developed altered behavior within 40-60 days (Geraci 1972b). 
Seals refused to eat and became passive and unresponsive to 
touch, noise, and light stimulation. Breathing may also become 
irregular and rapid (Geraci 1981). This is followed progres- 
sively within 2-3 days by mild to severe tremors, foreflipper 
spasms, head shaking, muscle quivering, and death (Geraci 
and St. Aubin 1980). While thiamine deficiency is primarily 
a neurological disorder, the most significant clinical diagnos- 
tic feature is the finding of abnormal red cell transketolase 
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Table 29.2 Presence or Absence of Thiaminase in Fish Commonly Used in Marine Mammal Diets 


Common Name Scientific Name Location Thiaminase Present 
Alewife Alosa pseudoharengus M, F Yes 
Anchovy Engraulus sp. M Yes 
Capelin Mallotus villosus M Possibly 
Atlantic herring Clupea harengus M Yes 
Pacific herring Clupea pallasi M Yes 
Lake herring Coregonus artedii F No 
Atlantic mackerel Scomber scombrus M Possibly 
Pacific mackerel Scomber japonicus M Yes 
Spanish mackerel Scomberomorus maculatus M No 
Smelt Osmeridae M, F Yes 
Lake whitefish Coregonus clupeaformis M, F Possibly 
Whiting Merlangius merlangus No 


Source: Geraci, J.R., JAm Vet Med Assoc 165: 801-803, 1974. With permission. 


Note: M, marine; F, fresh water. 


activity, which requires the apoenzyme thiamine pyrophos- 
phate (Fujita 1954; Abdou and Hazell 2015). 

In the early stages of thiamine deficiency, the progression 
of the disorder can be prevented by oral or parenteral ther- 
apy. Geraci (1972b, 1974, 1981) suggests that an IM injection of 
100 mg of thiamine produces a noticeable effect within 1 hour. 
If the same diet continues to be used, vitamin therapy must 
continue or the problem will recur. If fish are known to con- 
tain thiaminase, one of two vitamin schedules is recommended: 
(1) either ~0.5-1.2 mg of thiamine for every MJ of fish (2.5-5 mg 
per kcal) is given 2 hours before feeding, or (2) 25 mg/kg of 
fish is given at the time of the meal (Geraci 1981). The former 
schedule assures that the vitamin is absorbed before the bulk of 
the enzyme-containing fish is eaten. The second compensates 
for the presence of thiaminase by providing surplus thiamine. 
There is also evidence that pregnant and lactating marine mam- 
mals are 2.5 more likely to develop thiamine deficiency and 
therefore require higher levels of thiamine supplementation 
(Croft, Napoli, and Hung 2013). 


Vitamins A, D, and E Deficiency 


The fat-soluble vitamins, notably vitamins A (retinol), D, 
and E (tocopherol), are abundant in many marine organisms 
typically fed to marine mammals in aquariums (Sugii and 
Kinumaki 1968; Keiver, Draper, and Ronald 1988; Dierenfeld 
et al. 1991). Published data suggest 1 kg of herring (an aquar- 
ium staple) may provide on the order of 2000 IU of vitamin 
A, 8000 IU of vitamin D, and 40-60 mg (IU) of vitamin E. 
However, not all fish have the same vitamin content, and 
many species commonly used in aquariums, such as cap- 
elin and mackerel, may have relatively low levels (Mazzaro, 
Koutsos, and Williams 2016). Further, even in species with 
adequate levels present in fresh fish, vitamins will break 
down quickly in old and/or poorly stored and prepared fish. 
Unfortunately, laboratory analysis of vitamin content of fish 
is relatively expensive, and is rarely undertaken as part of 


routine evaluations of fish quality (Mazzaro, Koutsos, and 
Williams 2016). 

Vitamin deficiency is likely not an issue in wild marine 
mammals, even during seasonal periods of fasting. This is 
because marine mammals have a high capacity for fat-soluble 
vitamin storage (such as vitamins A, D, and E) in their exten- 
sive blubber mass (Engelhardt, Geraci, and Walker 1975; 
Keiver, Draper, and Ronald 1988; Kakela, Hyvarinen, and 
Kakela 1997; Mos and Ross 2002). However, both vitamins A 
and E deficiencies have been raised as issues in wild marine 
mammals as a byproduct of various contaminants (Debier 
et al. 2005; Simms and Ross 2000). 

Vitamin E acts as an antioxidant that protects against 
oxidative stress in fatty acids. Marine and coldwater fish 
store energy as polyunsaturated fats that remain fluid at 
low temperatures. These polyunsaturates are also unstable 
in the presence of oxygen, leading quickly to peroxidation 
and rancidity. This produces free fatty radicals, which fur- 
ther react with other fatty acids (including cell membranes; 
Gimmel, Baumgartner, and Liesegang 2016). Vitamin E acts 
to stop this degradation, protecting the cells from oxidative 
damage. Peroxidation consumes vitamin E in the fish; the 
more long-chain polyunsaturated fatty acids the fish contains, 
the faster the depletion in vitamin E (and other antioxidants 
such as vitamin C and selenium; Gimmel, Baumgartner, and 
Liesegang 2016). 

As with other fat-soluble vitamins, vitamin E loss increases 
with storage time, hence the requirement for a maximum 
storage time for fish (even at the recommended —2°C [28°F], 
partly dictated by its lipid content. Suggested maximum stor- 
age times are 4 months for mackerel, 6-7 months for herring, 
and 9 months for smelt or capelin. Ackman (1967) did, how- 
ever, show a complete loss of tocopherol from fresh frozen 
cod within only 4 months of shelf life time. 

Decreased vitamin E concentration in fish can lead to 
vitamin E deficiency, a historically documented concern at 
aquariums (Bernard and Ullrey 1989). Vitamin E deficiency 
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results in the accumulation of peroxides. Severe vitamin E 
deficiency results in a characteristic neurological syndrome, 
typified by degeneration of neurons, particularly peripheral 
axons and posterior column neurons, as well as sensory neu- 
rons (Muller and Goss-Sampson 1989). This may be manifest 
in a variety of neurological deficits, including impaired vision, 
abnormal eye movements, and unsteady movement (Muller 
and Goss-Sampson 1989). As vitamin E is integral to RBC 
production, deficiency causes fragility of RBCs and hemolytic 
anemia. Vitamin E deficiency has also been reported to cause 
steatitis (yellow fat disease), muscular degeneration, and liver 
necrosis (Brigelius-Flohe and Traber 1999). Diagnosis is based 
on measuring the ratio of plasma alpha-tocopherol to total 
plasma lipids; a low ratio suggests vitamin E deficiency. 

A 1-year-old California sea lion that died potentially due 
to vitamin E deficiency was diagnosed as being hypocalce- 
mic, hyperphosphatemic, hyponatremic, with increased BUN, 
lactate dehydrogenase, AST, ALT, and creatine kinase (Citino 
et al. 1985). This sea lion exhibited clinical signs of myopa- 
thy (.e., pain, reluctance to move, dyspnea) and gross and 
microscopic lesions of myopathy and/or steatitis. Englehardt 
and Geraci (1978) studied the effects of experimental vita- 
min E deficiency by feeding harp seals headless, eviscerated 
herring for an 18-month period. The most significant find- 
ings were electrolyte imbalances characterized by abnormally 
low plasma sodium levels 112-146 mEq L~), lowered plasma 
tocopherol levels, and molt irregularities. Food consumption 
and weight gain were the same as supplemented control ani- 
mals. Plasma enzyme levels were not diagnostic, plasma vita- 
min E levels in deprived harp seals were initially 20-42 pg 
per ml, declining to 15-27 pg per ml until the start of the 
ninth month of deprivation, at which time they rose to prede- 
privation levels (Engelhardt and Geraci 1978). This latter rise 
was associated with the molt period and may have been due 
to mobilization of vitamin E from blubber reserves as part 
of the normal molt fast. Molting seals showed aberrant and 
incomplete molting patterns, suggesting a potential regula- 
tory function for vitamin E. Concentrations declined again 
after the molt to levels of 10-25 pg per ml. 

Treatment of vitamin E deficiency consists of oral vitamin 
E, given in high doses if there are neurologic deficits or if 
deficiency results from malabsorption. There is general agree- 
ment that vitamin E should be supplemented on a regular 
basis to offset the potential for deficiencies, but there have 
been questions about proper dosage. Engelhardt and Geraci 
(1978) recommended that diets consisting of fish that have 
been stored for more than 4 months or diets where eviscer- 
ated fish are used need supplementation of 100 IU of vitamin 
E per kg of fish daily. If fish are stored for shorter periods, 
then a similar sized supplement need only be administered 
weekly (Geraci 1981). 

In a survey of 19 European aquariums caring for bot- 
tlenose dolphins, vitamin E concentrations were 53% above 
those in wild populations, and vitamin A concentrations 
were 27% higher, suggesting oversupplementation (Gimmel, 


Baumgartner, and Liesegang 2016). This led to reeommenda- 
tions of maximum supplementation for vitamin E of 100 IU 
per kg fish fed per day, and a total maximum of 50,000 IU 
per animal per day for vitamin A. An earlier survey of vitamin 
intake across a range of managed marine mammal species 
found excess levels of vitamins A and D (but not vitamin E) 
and thiamine due to vitamin supplementation (Bernard and 
Ullrey 1989). Although these elevated levels could be allevi- 
ated by removing the supplements, the animals then required 
additional thiamine (200 mg per day) and vitamin E (800 
IU per day). In contrast, a comparison of vitamin E levels 
between wild and aquarium beluga whales found no differ- 
ences in circulating levels (Cook, Stoskopf, and Dierenfeld 
1990). This result was despite that fact that the aquarium 
whales were provided supplements equal to 40-380 UI per 
kg dry matter per day. 

Most commercially available vitamin supplements for 
marine mammals contain vitamins A, B, D, and E (Gimmel, 
Baumgartner, and Liesegang 2016). However, there are sug- 
gestions that levels of some fat-soluble vitamins, such as vita- 
mins A and D3, are sufficiently high in most fish species to 
make supplementation unnecessary (Crissey 1998; Mazzaro 
et al. 1995b). High levels of ingested fat-soluble vitamins can 
accumulate in different fat deposits in the body. Mazzaro et al. 
(2003) reported a significant correlation between vitamin E 
and total lipids among four pinniped species. They also found 
that otariids had significantly lower levels of tocopherol (19.2— 
26.2 vs. 30.9-39.7 mg/ml) and higher levels of retinol (0.42- 
0.57 vs. 0.27-0.33 mg/ml) than phocid seals in aquariums. 

Mazzaro et al. (1995b) found that vitamin A supplementa- 
tion in northern fur seals did not effectively change baseline 
plasma retinol concentrations. They suggested that the fish 
diet commonly provided to these animals is sufficient to meet 
their vitamin A requirements. There are scattered reports of 
vitamin A deficiency among aquarium sea otters, despite sup- 
plementation. While supplementation may be warranted to 
offset vitamin loss during storage and handling of the food, it 
should be done conservatively due to the potential for chronic 
vitamin A toxicity (Mazzaro et al. 1995b). Although there have 
been no reported cases of vitamin A toxicity in marine mam- 
mals, oversupplementation is of concern because of evidence 
that large amounts of vitamin A can result in decreases in 
serum and tissue vitamin E (Mazzaro et al. 1995a). In a survey 
study to determine whether the vitamin E status of northern 
fur seals was affected by the levels of vitamin A supplementa- 
tion commonly seen in facilities, Mazzaro et al. (995a) con- 
cluded that there was indeed a negative effect in some cases 
and that many institutions may be giving excessive vitamin 
A. They found that supplementation of 50,000 IU per day 
of vitamin A had a detrimental effect on vitamin E status 
in northern fur seals and recommended that lower levels of 
supplementation be used. 

Keiver, Draper, and Ronald (1988) suggested that over- 
supplementation of vitamin D may not be as much of an issue 
as other vitamins. Wild marine mammals frequently ingest 
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levels of vitamin D that would be toxic to other mammals. 
The authors suggested that the apparent high tolerance of 
hooded seals to high vitamin D levels in their diet was partly 
related to an enhanced ability to convert 25-OHD (the major 
circulating form of vitamin D, which is believed to be the 
causative agent in vitamin D toxicity) to 24,25-(OH),D (an 
initial catabolic product; Keiver, Ronald, and Draper 1988). 

Further considerations of vitamin supplementation for 
managed marine mammals are the additional demands due 
to lactation, particularly for phocid seals, which rely more 
heavily on lipid stores (where vitamins may be stored) for 
producing high-lipid milk. Both retinol and vitamin E levels 
in the plasma of gray seal pups increase with the onset of 
suckling, while there was a significant increase of retinol and 
a decrease in vitamin E levels in the plasma of females with 
the onset of lactation (Schweigert, Luppertz, and Stobo 2002). 
However, it appeared that the increased maternal vitamin 
demands were met by liver mobilization rather than changes 
in the adipose tissues. 


Vitamin C Deficiency 


Many animals are able to produce ascorbic acid (vitamin ©), 
but others Gincluding humans) require it as a dietary micronu- 
trient (that is, in vitamin form). Most marine mammal vitamin 
supplements contain ascorbic acid, and studies have recom- 
mended daily dosages of 200-250 mg (Miller and Ridgway 
1963; Geraci and St. Aubin 1980). This is despite the fact there 
have been no documented controlled studies to demonstrate 
a need for ascorbic acid supplements on a regular basis 
(Bernard and Ullrey 1989). 

Barck Moore (1980) found that marine mammals appear 
to differ in their ability to synthesize ascorbic acid. Northern 
fur seals and bearded seals appear capable of in vivo syn- 
thesis, whereas California sea lions, Steller sea lions, ringed, 
ribbon (Phoca fasciata), and harbor seals do not. Dugong 
(Dugong dugon) and sea otters were also capable of syn- 
thesis. Pygmy sperm whales (Kogia breviceps), common dol- 
phins, pilot whales (Globocephala sp.), bottlenose dolphins, 
and false killer whales (Pseudorca crassidens) were all appat- 
ently incapable of synthesis. However, levels in stranded har- 
bor seals, a pilot whale, and a sperm whale, which were 
emaciated and obviously had not been feeding for some time, 
did not differ appreciably from levels in healthy animals (St. 
Aubin and Geraci 1980). This may suggest some in vivo syn- 
thesis, contrary to Barck Moore’s (1980) findings. 

Accidental ascorbic acid deficiency has been reported 
in bottlenose dolphins, where severe necrotic stomatitis, 
anorexia, and weight loss responded to a combination of anti- 
biotics and therapeutic vitamins (Miller and Ridgway 1963). 
The stomatitis was considered to be a form of scurvy (Miller 
and Ridgway 1963). In this same report, a white-sided dol- 
phin with gingivitis, glossitis, pharyngitis, and large necrotic 
areas around the teeth is also described. Similar cases were 
cured by the addition of 1000 mg ascorbic acid per day to the 


diet and the feeding of small, rather than large, fish (Barck 
Moore 1980; Miller and Ridgway 1963). 


Hyponatremia 


Hyponatremia, or low blood sodium, is characterized by a 
gradual or sudden decrease in plasma sodium and an equiv- 
alent decrease in chloride, but not necessarily a change in 
potassium (Geraci 1972a). The problem is usually associated 
with keeping marine mammals in a freshwater environment 
and is usually only a concern for pinnipeds (Bernard and 
Ullrey 1989; Hubbard 1968). Hyponatremia has rarely been 
reported in wild seals (Geraci, St. Aubin, and Smith 1979). 
Aquarium seals kept in seawater maintain a normal electrolyte 
balance and need not normally be given a salt-supplemented 
diet. St. Aubin and Geraci (1986) suggested that hyponatremia 
operates through exhaustion of adrenocortical hormones due 
to centrally mediated stress. The condition is manifested by 
anorexia, followed by uncoordinated or spastic movements 
progressing to a generalized muscle quivering over the entire 
body, especially the flippers (Geraci 1972a, 1980). 

The main diagnostic features are low plasma sodium and 
chloride levels. As with most mammals, plasma sodium val- 
ues in marine mammals are generally stable within a rela- 
tively narrow range (Ortiz 2001). Ranges of 147-160 mEq L"! 
(Costa and Ortiz 1982; Worthy and Lavigne 1982) have been 
reported for phocids and 143-148 mEq L7! for sea lions 
(Medway and Geraci 1986), although seemingly healthy lev- 
els as low as 120 mEq L™ have been reported (Geraci 1972a). 
Similarly, low sodium levels are routinely maintained in young 
animals undergoing their postweaning fast (Costa and Ortiz 
1982; Worthy and Lavigne 1982). 

The fresh food of marine mammals is generally thought 
to contain sufficient levels of sodium, with invertebrates con- 
taining considerably more salt (Bernard and Ullrey 1989). In 
addition, they receive some salt from incidental ingestion of 
salt water (sea otters, as previously noted, may purposely 
ingest significant amounts of seawater). In aquarium settings, 
fish salt concentrations may be reduced by husbandry prac- 
tices of thawing fish in water. Geraci (1972a) showed that 
nearly 25% of sodium is lost after 3 hours of immersion. Thus, 
recommendations have been made for a daily food supple- 
ment of 3 g NaCl per kg fish to maintain the electrolyte bal- 
ance in most seals maintained in freshwater (Geraci 1981). 
Bernard and Ullrey (1989) calculate that this level of supple- 
mentation (0.35—0.58% NaCl per dry matter) is equivalent to 
the 0.3-1.1% Na naturally present in marine food products. 
Hence, they question the need to supplement NaCl, pointing 
out that sea lions have been successfully maintained in fresh- 
water habitats without salt supplements. 

Hyponatremia can occur either due to leaching of salt 
from prey items or for other medical reasons. Seals that are 
hyponatremic respond well to parenteral NaCl replacement 
therapy (Geraci 1972a). The preferred route of administration 
is an IP injection of 100-200 mg of NaCl per kg body weight 
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as a saline solution containing 9-12 g NaCl per liter. This can 
be either as a slow drip or bolus injection. Treatment may 
have to be repeated twice daily for the first few days (Geraci 
1972a; Geraci 1981). 


Hemochromatosis 


Iron storage disease (hemochromatosis) occurs in both man- 
aged and free-ranging animals. In the latter, it is often attrib- 
uted to genetic anomalies, while its occurrence in animals 
under human care is commonly linked to diet. Dietary iron 
intake is an essential nutrient given its central structural role 
in hemoglobin. Hence, iron deficiency, which leads to anemia, 
is a common concern in mammalian health and nutrition. 

Excess iron storage can also be an issue. There is no active 
excretory system for iron, and levels in excess of immediate 
requirements are stored as ferritin and hemosiderin (Mazzaro 
et al. 2004). Iron storage is a natural homeostatic mecha- 
nism, but excessive iron storage can result in health issues 
and even become pathologic. Hemochromatosis in marine 
mammals was first identified in California sea lions (Garcia 
et al. 2001, cited in Mazzaro et al. 2004), but it is a continued 
concern among both pinnipeds and cetaceans kept under 
human care (Venn-Watson, Smith, and Jensen 2008; Mazzaro 
et al. 2012). 

Mazzaro et al. (2004) reported diet-related hemochroma- 
tosis in at least three geriatric female northern fur seals. Staff 
subsequently altered their diets by replacing a portion of the 
high iron-content fish (herring) with a lower iron-content item 
(squid). They further discontinued iron and vitamin C supple- 
mentation. The latter, as ascorbic acid, generally increases 
non-heme iron absorption, although the effect may not be 
as pronounced as previously thought when consuming bal- 
anced diets (Cook and Reddy 2001). However, even 4 years of 
altered diet was insufficient to reverse the condition in these 
animals. The role of diet was also explored in reference to 
fatty acid intake and iron levels in bottlenose dolphins (see 
Chapter 40). Venn-Watson et al. (2015) found that switching 
a group of dolphins to a diet high in the saturated fat C17:0 
(increasing the average daily dietary C17:0 intake from 400 
to 1700 mg) decreased previously elevated ferritin levels over 
the 24-week treatment. 

Johnson et al. (2009) reported on an alternate treat- 
ment for three Atlantic bottlenose dolphins. These animals 
had extended (13- to 19-year) histories of chronic, episodic 
elevations in serum iron concentration. Although the root 
cause of their symptoms was not definitive, they had a long- 
term history of mineral supplementation that included iron 
(which was eventually discontinued). Phlebotomy treatment 
was implemented to reduce body stores of iron (a practice 
also used in terrestrial mammals held in zoos). Each phle- 
botomy procedure removed 7% to 17% (1 to 3 L) of estimated 
blood volume. These treatments were weekly during the ini- 
tial treatment phase, and then reduced over a maintenance 
period. The course of phlebotomy treatments successfully 


resolved the iron overload and associated hepatopathy of the 
three dolphins. 


Other Prey Contaminants 


Even when taking care to provide only prey items that meet the 
standards of human consumption, there are a number of biologi- 
cal and biochemical agents found in fish that can be detrimental 
to the health of marine mammals. Some of these are present 
even in fresh prey items, while others are a byproduct of storage. 
Important biocontaminants of prey items include two nat- 
urally occurring toxins, domoic acid and saxitoxin. Although 
these are detailed more thoroughly in Chapter 16, they are 
worth mentioning here given their relevance to prey quality. 
Although seafood for human consumption is not supposed to 
be harvested during algal bloom events, toxic levels are pos- 
sible due to localized concentrations or improper collection. 
There are a host of bacteria that can lead to disease in cap- 
tive marine mammals, and these are thoroughly discussed in 
Chapter 18. However, we do want to highlight Erysipelothrix 
rhusiopathiae, a common contaminant of fish. It is a bacte- 
rium most commonly associated with domestic swine and 
poultry, but also known to cause disease in both wild and 
managed marine mammals (Leighton 2001), although it is 
largely only a concern for cetaceans (Higgins 2000). The most 
recognizable symptom is erysipelas (Diamond Skin Disease), 
although this is not always present and a septicemic form of 
the disease can result in rapid onset of more critical symptoms. 
The bacterium is associated with the skin surface of asymp- 
tomatic freshwater and marine fish. Control of the disease is 
best implemented through proper storage and handling of 
high-quality food items; vaccination against the bacterium is 
somewhat controversial, particularly for cetaceans. 
Histamine toxicity is also a concern in relation to fish 
quality. Histamine toxicity is a form of food poisoning that 
is associated with poorly preserved fish. When inadequately 
preserved or handled, histidine in fish is decarboxylated to 
histamine (Geraci and St. Aubin 1980). Histamine levels can 
be quite high even without visible evidence of putrefaction. 
As a result, some institutions are routinely adding histamine 
measurements to their fish quality control tests. The clini- 
cal signs of histamine toxicity include intense headache, diz- 
ziness, abdominal pain, thirst, cardiac palpitation, nausea, 
vomiting, and diarrhea (Geraci and St. Aubin 1980). 
Histamine toxicity is also known as scombroid poison- 
ing. Scombroid poisoning can occur when poorly preserved 
scombroid fish G.e., mackerel or tuna) are eaten over an 
extended period, as these fish have high levels of histamine 
(up to 2 mg per gram). However, there is only scattered evi- 
dence of scombroid poisoning in marine mammals. There 
have been reports of suspected clinical cases in managed 
bottlenose dolphins, ringed seals, California sea lions, and 
killer whales (Geraci and St. Aubin 1980). Reported symptoms 
range from recurring episodes of “sore throat,” to respiratory 
congestion, and refusal to perform. 
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Conclusions 


The philosophy of this chapter is to encourage the transition 
of marine mammal husbandry from being an art to being a 
science. The care and rehabilitation of marine mammals has 
often been approached by trial and error over many years of 
experience with a particular species or group of individual 
animals. The diversity of species that fall under the category 
of “marine mammals” makes the task particularly challenging. 
However, a lack of knowledge regarding the husbandry and 
specific requirements of many species of marine mammals 
need not impede estimation of their basic requirements based 
on knowledge of other species. A general understanding of 
the bioenergetic scheme and some information on natural 
history can allow one to make predictions about the meta- 
bolic and nutritional requirements of any animal. 

Improper nutrition can result from lack of adequate levels 
of macro- and micronutrients, inadvertent oversupplementa- 
tion of vitamins, or unintentional feeding of contaminated 
prey items. These can lead to a range of health and behavioral 
issues, but their common outward expression (e.g., lethargy, 
inappetance, ataxia) can make differential diagnosis difficult. 
Many perceived problems, such as refusing to eat, may be 
related to normal aspects of the life history of the species. 
Loss of mass may be related to an increase in needs due to 
obvious changes, such as reproduction or increased activity, 
or to less obvious ones, such as changes in fish composition 
or efficiency of assimilation. 

When basic physiologic needs are not met, animals may 
divert nutrients from production to maintenance, and employ 
a host of compensatory changes. Inadequate nutrition can 
result in increased physiological stress, leading to decreased 
resistance and ultimately to disease. The understanding and 
application of nutritional energetics can prevent many such 
problems from developing. 
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Introduction 
Cetaceans, polar bears (Ursus maritimus), and walrus 


(Odobenus rosmarus) are hand-reared infrequently, and most 
information about rearing them is gathered from individual 
records and case reports. In contrast, pinnipeds, notably har- 
bor seals (Phoca vitulina), Northern elephant seals Wirounga 
angustirostris), and California sea lions (Zalophus california- 
nus), are hand-reared more frequently, primarily at marine 
mammal rehabilitation centers; thus, an abundance of infor- 
mation is available for those species. Hand-rearing for sireni- 
ans (manatees and dugongs) and sea otters (Enhydra lutris) 
is more specialized and done routinely only at a few institu- 
tions worldwide. This chapter includes () recipe and prepa- 
ration techniques for species-specific artificial milk formulas, 
(2) hand-rearing tips, and (3) weaning advice. Because hand- 
rearing is as much of an art as it is science, it is strongly sug- 
gested that anyone undertaking hand-rearing of any marine 
mammal species for the first time seek advice from colleagues 
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with species-specific experience. This chapter includes practi- 
cal advice and techniques, specific to each taxon; to assist the 
reader for quick reference, a list of citations and further read- 
ing is included at the end of each taxon section. Also, Box 
30.1 lists commercially available products that are indicated 
in the recipes provided. 


Postpartum Anxiety Medication 


Some marine mammals may be affected behaviorally by par- 
turition. Those giving birth during swimming, such as mana- 
tees and dolphins, may show increased swimming speed that 
inhibits calf suckling, and for land-based births, pinnipeds 
and otters may move newborns to the water when feeling 
threatened, resulting in elevated risk for water inhalation and 
drowning. Diazepam (0.05-0.1 mg/kg PO BID for 7-14 days) 
has been used successfully in California sea lions, dolphins, 
and killer whales (Orcinus orca) postpartum to remove the 
anxiety and influence the initiation of nursing (Gage 2002; 
Walsh unpubl. data). 


Cetaceans 


In rare cases in cetaceans when the dam does not have ade- 
quate milk production, some calves may be intermittently 
supplemented with formula. There have been cases of spon- 
taneous nursing from females, so use of surrogate cetacean 
mothers is possible (Ridgway 2007). For hand-rearing, cur- 
rent cetacean formulas have been guided by a number of 
older publications on milk composition. Examples of success- 
ful formulas are in Table 30.1. Nearly all of these recipes 
use some component of commercially available ZOOLOGIC 
Milk Matrix (Pet-Ag, Inc., 201 Keyes Ave., Hampshire, Illinois 
60140, USA) or OSTEO-FORM (Vet-a-mix, Lloyd, Inc., PO Box 
130, Shenandoah, Iowa 51601, USA) (see Box 30.1). 


Delivery Methods and Techniques 


Initially hydrate the animal with appropriate electrolyte solu- 
tions and glucose supplements where needed. Fresh water 
alone may not be appropriate, and balanced electrolyte 
solutions are recommended, with choice guided by serum 
electrolyte levels. If hypoglycemia is present or suspected, 
twice-daily monitoring of glucose is advisable until stable. 
Feeding via gavage may be necessary for initial hydration and 
supplementation. Small silicone stomach tubes are preferred; 
determine appropriate length by measuring the distance from 
the end of the rostrum to the anterior insertion of the dorsal 
fin and marking the tube with tape or a permanent marker. 
During the first 3-5 days, provide formula in lower concen- 
trations, diluting with electrolytes or water. Some recommend 
leaving out the fish component for the first week or more, 
and then slowly introducing it. Fat or oil added to the formula 


should also be introduced slowly. Some also add both lecithin 
as an emulsifier and pancreatic enzymes containing lipases to 
aid in fat breakdown and to decrease secondary symptoms 
of intestinal distress. The use of enzymes also helps thin the 
formula, making it easier to administer additional solids to the 
formula if necessary. 

Bottle-feeding is the long-term goal for formula use in 
cetaceans. Handling methods, bottle nipple size, and consis- 
tency of approach may influence acceptance of the formula 
by bottle. Sheep nipples may be adequate for smaller calves, 
with larger nipples (such as those used in bovine calves) used 
in larger neonatal cetaceans. The nipple outlet should allow 
for even flow, but expect leakage to occur during the learning 
phase. If a stiff bottle is used, a vacuum release hole needs 
to be placed in the bottom of the bottle and then taped over 
during transport of the formula. The tape is removed once the 
bottle is placed in the calf’s mouth. During initial adaption 
to the nipple, try to lift the calf’s rostrum out of the water to 
decrease saltwater ingestion. A better system is a collapsible 
nursing bag, because during suckling, it prevents additional 
air ingestion without the need for a vacuum release. Offer 
formula at body temperature (e.g., 36.8°C for Tursiops spp.; 
Yeates 2008). A hot water bath is preferable to microwave 
heating of formula to ensure uniform temperature. Closely 
monitor the calf for weight (once a day), appetite, bloodwork, 
attitude, urination, and defecation frequency and color to 
allow early intervention if problems arise. 


Feeding Frequency and Daily Requirements 


The frequency of bottle-feeding needs to be based on calf 
behavior, hunger, and daily weight measurements to ensure 
adequate caloric intake. Frequency may vary from every 
hour for smaller volumes to every 3 hours for larger volumes. 
If feeding by gavage, start with low volumes. Analyze the 
formula used for water, fat, protein, carbohydrate, and ash 
content to guide volume and caloric needs. Caloric recom- 
mendations for the following species are approximately as 
follows: 


Bottlenose dolphin (Zursiops truncatus) 150 kcal/kg/day 
Spotted dolphin (Stenella attenuata) 200 kcal/kg/day 
Pygmy sperm whale (Kogia breviceps) 80 kcal/kg/day 
Harbor porpoise (Phocoena phocoena) 200 kcal/kg/day 
Killer whale (Orcinus orca) 125 kcal/kg/day 

Common dolphin elphinus delphis) 150 kcal/kg/day 


These numbers are for guidance only and may vary widely 
based on animal activity and water temperature. Care should 
be taken not to overfeed to avoid regurgitation, gastritis, or 
enterocolitis. 


Monitoring Health 


Neonatal care needs to include constant observation until the 
animal is stable and comfortable with its environment. Base 
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Table 30.1 Cetacean Hand-Rearing Formulas 
Formula Recipe Friday | Friday Il Townsend & Skaggs Breuler 
Species Cetacean Cetacean Tursiops spp. Gray Whale 
Stenella spp. 
Wet Components 
Water (bottled) 100-150 ml 2850 ml 1100 ml 500 ml 
Herring fillets Without viscera 1341 g With viscera 750 g Ground herring 
(116 kcal/100 g) without heads 230 g 
Oil Safflower 110 ml Menhaden 50 ml 
Whipping cream 50 ml 
Dry Ingredients 
ZOOLOGIC 30/52 50g 375g 200g 25g 
ZOOLOGIC 33/40 50g 50g 45g 
Lecithin granules 15g 15g 3.5g 
Taurine 500 mg 250 mg 125 mg 
Arginine 250 mg 
Multivitamin 500 mg With zinc 1 tablet 
Vitamin E 400 IU 400 IU in oil 
Vitamin C 500 mg 500 mg 
Vitamin K 50 mg 50 mg 
Calcium Osteoform 200 mg 500 mg 15g Dical phos 18.75 g 
NaCl 4.59 
Acidophilus powder 500 mg 1000 mg Lactobacillus 2 tab 
Dextrose 25 ml 759 
Volume yield 175-200 ml 4200 ml 1000 ml 
kcal/ml 1.55 
Frequency Every 2 hours Every 2 hours Every 3 hours 
Formula temperature 36.6°C 36.6°C 36°C 


Processing method 
Source 


See [1] below 
Friday pers. comm. 


See [1] below 
Friday pers. comm. 


See [2] below 
Townsend pers. comm.; 
Staggs pers. comm. 


Brueler et al. 2001 


Notes: 


1. Use mortar/pestle to grind vitamins/supplements into a fine powder (do not grind lecithin granules), add to ZOOLOGIC Milk Matrix 
powder, and then mix. Prepare 2.5 kg herring fillets by removing heads/tails/spinal column. Blend with 1 liter of water on low for 
20-30 seconds, then pulse 10-15 seconds more for floating or sunken fillets to become puree texture, and then on high for addi- 
tional 10-15 seconds. Turn blender speed to low and add additional liter of water and then 1/2 the powdered supplements. Add 
400 ml more water and remaining powdered supplements. Blend at low for 10-15 seconds and then turn blender onto high and 
blend for 10-15 seconds. Strain formulas three to four times into oblong fluid pitchers and use small volumes of remaining bottled 
water to create fluid consistency to pass through the bottle nipple. Decant formula multiple (10-12) times to remove air bubbles and 
pour formula into premarked (amount/date/time) Gerber storage bags. 

2. Blend herring fillets and viscera in a commercial blender. Add bottled water. Blend in milk substitute. Add salmon oil, OSTEO-FORM 
powder, lecithin, lactobacillus, taurine, and vitamin supplement, blending to mix well. Label formula container with date and time of 
preparation, and refrigerate until used. Warm the formula to 36°C (97°F) before feeding. Discard unused formula after 24 hours. 


blood sample schedules on health status and prior results. At 
a minimum, sample every 3-5 days for the first few weeks. 
Culture and cytology of blow, gastric contents, and colon 
contents should occur on presentation and follow a schedule 
determined by symptoms and prior results. Take body weight 
daily until there is consistent weight gain, and then a mini- 
mum of twice weekly. Weight gain for neonatal cetaceans 
should be consistent and may range from 0.125 to 0.5 kg/ 
day. Caretakers interacting over extended periods of time 


with each animal will help provide psychological support and 
allow for early recognition of any problems. 


Weaning 


With Tursiops spp., try offering whole fish at about 12 weeks of 
age (once teeth have erupted). Frequent exposure to fish can 
facilitate the onset of eating, although the rate of solid food 
intake can vary widely from animal to animal. The time of 
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BOX 30.1 COMMERCIALLY AVAILABLE 
MILK (OR MILK-SUBSTITUTE) 
POWDER AND SUPPLEMENTS USED 
IN MARINE MAMMAL FORMULAS 


ELECARE 

Abbott Nutrition 

100 South Saunders Road 
Lake Forest, IL 60045 
USA 

800 551-5838 
https://elecare.com 


ESBILAC 

Pet-Ag, Inc. 

255 Keyes Avenue 
Hampshire, IL 60140 
USA 

800 323-0877 


ENFAMIL Fer-In-Sol 
Mead Johnson & Company, LLC 
https://www.enfamil.com/products/infant 


GLICOPAN PET 

Vetnil Ind. e Com. de Produtos Veterinarios Ltda 
Ay. José Nicolau Stabile, 53, 

Burck—Louveira—Sao Paulo, Brasil CEP: 13290-000 
http://www.vetnil.com 


NUTRAMIGEN 

Enfamil, Mead Johnson, Nutrition Glenview, IL, 
USA 

812 429-6399 

https://www.enfamil.com 


OSTEO-FORM 
Vet-a-mix, Lloyd, Inc. 
PO box 130 
Shenandoah, IA 51601 
USA 


PROSOURCE 

Medtrition 

PO box 5387 

Lancaster, PA 17606 

USA 

877 271-3570 
http://www.medtrition.com 


SIMILAC SOY ISOMIL 
Abbott Nutrition 
100 South Saunders Road 


Lake Forest, IL 60045 
USA 

800 551-5838 
https://similac.com 


STAT 

PRN Pharmacal 
8809 Ely Road 
Pensacola, FL 32514 
USA 

850 476-9462 


ZOOLOGIC Milk Matrix 
Pet-Ag, Inc. 

255 Keyes Avenue 
Hampshire, IL 60140 
USA 

800 323-0877 
http://www.petag.com 


weaning may also be influenced by management requirements 
and placement with cohorts and may take up to 8-12 months. 
When adapted to solid food, the juvenile will often wean itself 
from formula. It is important to remember that maintaining 
the animal’s growth rate is the highest priority. Smaller, high- 
calorie fish can speed eating, weight gain, and the weaning 
process. 


Other Practical Information 


Neonates that do not receive colostrum within the first 24-48 
hours of life can be supplemented by milking the dam and 
administering colostrum via gavage. Introduction of an 
immunologically naive stranded neonate into a facility may 
expose it to novel infectious agents for which it has no pro- 
tection. Maintaining a reserve of concentrated IgG derived 
from facility animals can be used to help orphaned or wild 
neonates deal with novel organisms. The IgG can be given 
intravenously (IV) or orally (PO) in both cetaceans and mana- 
tees (Dalton 1993; Walsh unpubl. data). Orphan neonates may 
also benefit from increased attention from human caretakers 
during periods when there are no conspecifics available. Such 
interaction may help avoid development of disorders such as 
regurgitation (Walsh 2016). Because hand-rearing a cetacean 
can be daunting the first time, the reader is encouraged to 
contact individuals who have had success in these efforts. 
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Pinnipeds 


Phocid Seals 


Harbor seals are the most common species of phocid to be 
hand-reared. Rearing of other phocids is less well docu- 
mented, and although it is likely that similar methods would 
be successful, readers are referred to further literature below 
on the biology of these species. Formulas for harbor, elephant, 
and monk seals are presented in Table 30.2. Several formu- 
las use the commercial milk powder from ZOOLOGIC Milk 
Matrix. In some years, harbor seal pups have had impactions 
of desiccated milk concretions in the stomach while being fed 
formulas containing this powder (Palmer and Gulland pers. 
comm.). The cause is unclear and could be due to the manu- 
facture of the Milk Matrix, or to physiology or dehydration of 
the pup. Thus, some prefer to avoid these artificial milks, and 
monk seals, for example, have been reared on formulas con- 
taining no artificial milk powder at all (Schofield et al. 2011). 
Harbor seals have been reared using STAT (PRN Pharmacal, 
Pensacola, Florida, USA) as a replacement for the milk pow- 
der in the formulas in Table 30.2. 


Delivery Methods and Techniques A clear flexible vinyl 
stomach tube ( cm outside diameter for harbor seals, 1 cm 
inside diameter for elephant seals) is used for gavage. Estimate 
the length of tubing required by measuring from the animal’s 
snout to the last rib and clearly mark this distance on the 
tube for future reference. Pass the tube through the esopha- 
gus to this mark each time. Listen for gut sounds (gurgles) 
as the tube is passed into the stomach, to ensure it does not 
pass into the trachea. Alternately, check for airflow, to make 
sure the animal is not breathing through the tube. A 400 ml 
dose syringe or several 60 or 140 ml catheter-tipped syringes 
need to be prefilled with the appropriate mixture and used to 
deliver the formula slowly. Bottles with lamb or human baby 
nipples have been used successfully but are labor intensive 
and tend to result in pups being more likely to imprint on 
humans; thus, the choice of method for feeding the pup will 
be influenced by plans for the future possibility of release to 
the wild. 


Feeding Frequency and Daily Requirements Harbor seal 
pups are tube-fed approximately every 4 hours, and elephant 
seal pups every 6 hours. Harbor seal pups should be rehy- 
drated with an electrolyte solution and then given a mix- 
ture of steadily increasing concentration of formula relative 
to electrolyte solution, until reaching a full-strength formula 
after 5-7 days; use approximately 20-25 ml/kg body weight 
at each feeding, four to six times a day. Elephant seal pups 
can be transitioned to full-strength formula on day 3. An elec- 
trolyte solution such as Pedialyte or lactated Ringer’s solution 
can be used, but care must be taken to ensure they are free 
of artificial sweeteners such as sucralose. Alternatively, a bal- 
anced solution can be made using 100 ml water, 3/4 teaspoon 
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Table 30.2 Pinniped Hand-Rearing Formulas 


Harbor Seal? Elephant Seal 

Water 525 ml 1000 ml 
Salmon oil 300 ml 100 ml 
ZOOLOGIC Milk 200 g 225g 

Matrix 30/52 or 

30/55 
Ground herring 500 g 
Treated whipping 

cream? 
Multivitamin 
Lecithin 
Source 


Monk Seal California Sea Lion 
1000 ml 150 ml 
300 ml 5 ml 5 ml 

500 g 350 g 230 g 
250 ml 200 ml 


Vitamin B1 250 mg 
Vitamin C 250 mg 
Vitamin E 400 IU 
Calcium gluconate 

5 ml 


The Marine Mammal Center 


2 Do not use a blender to mix this formula. First, combine the fluids (cold water and salmon oil) together in a large bowl. Add 1/3 
of the ZOOLOGIC Milk Matrix powder. Whisk several times, and then repeat with the second 1/3 of powder, whisk several times 
more, and add the remainder of the powder. Do not overstir. Place in a labeled container with the date and time the formula 
was made. Unused formula must be refrigerated and used within 24 hours. Once refrigerated, the formula must be warmed to 


25-30°C (77-86°F) prior to feeding. 


> The whipping cream must be treated with 0.75 ml lactase 24 hours prior to use. 


of salt (NaCD, 1/2 teaspoon of baking powder (NaHCO3), and 
1/4 teaspoon of potassium salt (KCI. Ideally, as the formula 
is increased in strength (ie., the ratio of electrolyte solution 
to formula is reduced), tube the pup each mixture for three 
successive tubings before increasing the formula concentra- 
tion. Harbor seal pups under 8 kg should be fed five times a 
day, and pups over 8 kg may be fed three to four times a day. 
Elephant seal pups are fed four times a day. Each animal may 
be supplemented with one “marine mammal multivitamin,” 
200 IU vitamin E, and 2 g NaCl, once a day. 


Weaning Once a phocid pup has reached weaning age, is 
clinically healthy, is gaining weight, and teeth have erupted, 
fish may be introduced to the diet. The preferred fish for pups 
is small herring, but smelt may be used. Floating fish (inject 
air into body cavity of fish) in the water or live fish are other 
alternatives. Under manual restraint, pups may be fed by plac- 
ing a fish in the animal’s mouth and triggering the swallowing 
reflex by gently pushing the fish past the gag point. It is best 
to use long, slender fish, preferably herring. The fish should 
be firm but not frozen. Dipping the fish in water before plac- 
ing into the mouth is helpful. During the restraint feeding 
process, the number of tubings is decreased to twice daily if 
animals are consuming some fish. Animals that are still not 
eating after restraint feeds may be fasted for short periods of 
time to attempt to stimulate appetite, but weight and condi- 
tion should be monitored closely to ensure the animals do 
not lose too much body condition. Tube-fed elephant seals 
over 50 kg may be fasted for several days in an attempt to 
trigger eating behavior; however, ensure the animals do not 
lose over 10% of their body weight, to avoid recurrence of 


malnutrition. If the animal appears stressed, restraint feeding 
may be performed with the seal sedated with IV diazepam or 
intramuscular (IM) midazolam. 


Other Practical Information Pups with lanugo coats 
should have a patch of hair clipped over the venipuncture site 
and around the umbilicus to reduce the risk of contamination 
at these sites. The presence of an umbilical cord or stump 
and/or icteric gums should be noted and the umbilicus gen- 
tly cleaned and treated with topical povidone gel until fully 
healed. An umbilical remnant should not be removed but 
should be allowed to fully heal and drop off. Most stranded 
harbor seal pups have not suckled from their dams and are 
often neonates, so they tend to have low leukocyte counts 
(see Appendix 1). Strict hygiene is recommended until the 
pup’s leukocyte counts increase as it matures (Ross et al. 1993, 
1994). Weigh pups at the same time daily until normal weight 
for the age is attained. Neonatal harbor seal pups are often 
hyperbilirubinemic with serum levels up to 16 mg/dl (Gage 
1993). This is presumed due to lysis of fetal red blood cells 
and usually resolves without specific therapy. Hypoglycemia 
in young pups is common. Treatment is described in Chapter 
41. Access to water at all times for swimming is beneficial to 
older pups, although access may be restricted for weak pups 
and those that are severely emaciated. Use of child-safe heat- 
ing pads or plastic/fiberglass heat mats further reduces calorie 
consumption but is only appropriate for pups that are ambu- 
latory (Duerr 2002). Placing pups together as soon as possible 
helps reduce stress. Weak pups may need to be housed singly 
until stronger. If the harbor seal pup is to be rehabilitated for 
release, keep handling and human interaction to a minimum. 
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Otariids 


Several formulas have been used to hand-rear California sea 
lions, Steller sea lions Eumatopias jubatus), and northern fur 
seals (Callorhinus ursinus; see Table 30.2). 

Please note that if using an industrial blender, herring 
may be blended with the other formula ingredients. However, 
if only lightweight blenders are available, remove heads, 
viscera, and tails of the herring, and coarsely chop prior to 
blending. 


Delivery Methods and Techniques Because the time 
to weaning (6-9 months) is considerably longer in otariids 


than it is in phocids, bottle-feeding is the preferred method 
for feeding sea lion pups to reduce handling. Pups may 
be particular about the nipple, so having a variety avail- 
able is important. Rubber lamb’s nipples and various baby 
nipples for humans are most frequently accepted. It often 
will take 3 or 4 days of constant encouragement before a 
pup will accept the bottle. Pups that do not suckle readily 
will need to be fed via stomach tube until they accept the 
bottle. California and Steller sea lions imprint easily on their 
caregivers (Lynn et al. 2010), and extreme measures must 
be taken to reduce human contact with pups if they are to 
be released back into the wild. This poses a problem when 
encouraging pups to nurse from a bottle; however, once 
this process has been achieved, bottles may be placed so 
the nipples emerge from holes placed in a large padded 
box or through a fence, or other such arrangements that 
allow the pup to nurse comfortably without human contact. 
Neonates that are tube-fed may be housed with an accept- 
ing adult female for socialization and then removed only for 
feeding, reducing the likelihood of imprinting on humans. 
Also spontaneous lactation by an adult female in the pres- 
ence of an orphaned neonatal pup has occurred, resulting 
in surrogacy, bonding, and development of normal behavior 
(Palmer pers. comm.) 


Feeding Frequency and Daily Requirements The ini- 
tial feeding should be an electrolyte formula via stomach 
tube at 20 ml/kg body weight. The second feeding con- 
sists of 50% electrolyte solution and 50% formula, giving 
the same volume as the initial feeding. On day 2, the total 
volume is 100 ml/kg via stomach tube divided into five or 
six feedings. Pups should be well hydrated before start- 
ing on full-strength formula. Initially, offer 120-150 ml of 
formula at each of the five to six feedings daily. Once the 
pup is nursing well, the amount of formula offered at each 
feeding may be increased gradually. By 3-4 weeks of age, 
the pup should be suckling 200-250 ml at each of the five 
feedings. By 6 weeks of age, pups should be nursing 250- 
300 ml/feeding four times a day. If the pup will not accept 
the bottle, it must be fed via stomach tube until it can be 
weaned. Pups fed by stomach tube will not tolerate the 
same amounts per feeding as pups that are nursing (Gage 
2002). The amounts given via gavage should be reduced by 
15-20%, and the full amount should be given very slowly to 
help avoid regurgitation. 


Weaning Although sea lions may suckle until 1 year of 
age in the wild, pups weighing over 12 kg may have fish 
introduced to their diet (Gage 2002). Ground-up fish may be 
offered to the pups mixed in the bottle with their formula. 
Eventually, enlarge the nipple hole and feed small fish pieces 
through it in place of the formula. Pups may also be force-fed 
small pieces of fish at this point. It may take 1-4 weeks until 
they begin to eat fish voluntarily. This process may be accel- 
erated using restraint feeding or by offering live bait fish if 


Hand-Rearing and Artificial Milk Formulas 747 


available. Gradually increase the amount of fish offered until 
the pups are eating 20% of their body weight per day. Vitamin 
supplements should be given daily. Another method that can 
be used to wean the pup from formula to a fish diet is the “ice 
cube method” (Gage 1993). The formula feeds are reduced to 
twice daily, and the pup is given ice cubes to play with. Small 
bits of fish are frozen into the ice cubes. The pups may reject 
the first “fish cubes” but will eventually accept them. Once 
the pup is eating these, a slurry of ground fish is frozen into 
cubes. Once the pup accepts these, offer small pieces of fish 
and then whole fish. The entire process usually takes about 
1 week, and the pups may lose 2 kg body weight during this 
process (Gage 1993). 


Other Practical Information Pups are weighed daily 
for the first week or until weight gain is steadily increasing, 
then twice a week, and then once a week when older than 
3 months. Sea lion pups should be allowed to swim under 
supervision in shallow water when they are 2-3 days old. 
They may need to be supported in deeper water. Saltwater 
is preferable, although pups may be successfully raised with 
access to only fresh water; pups raised in fresh water must be 
supplemented with NaCl at approximately 2-3 g/day. Small 
pups under 7 kg should be brought inside at night if the ambi- 
ent temperature is below 20°C (68°F), or housed with access 
to a plastic/fiberglass heat mat. 
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Walruses 


Walruses are hand-reared infrequently, and the reader is 
encouraged to contact individuals with experience with 
this species for more in-depth information on hand-rearing 
them. Rescued calves must be fed an artificial formula for 
an extended period, since weaning may not occur for up to 
16-19 months. Several formulas have been used successfully; 
see Table 30.3. 

Formula content is changed as the calf ages. Start with 
25 ml oil added to formula at 10 weeks, increasing to 90 ml 
by 14 weeks of age. At 10 weeks, add 115 g pureed clams to 
each liter of formula, increasing to 230 g/liter of formula by 
16 weeks. Begin adding ground herring at 16 weeks. Begin 
feeding solid food such as clams, herring, capelin, and squid 
at 6 months of age. At 10 months, walrus calves will consume 
about 2.5-6.5 kg of solid food and 5-6 liters of maintenance 
formula per day. 


Feeding Frequency and Daily Requirements For the first 
24-48 hours, give a mixture of 50:50 electrolyte solution/ 
water via gavage. Give 20-40 ml/kg/day divided into four 
to five feedings. Once hydrated, start feeding a dilute for- 
mula (10% formula to 90% water) and increase the strength to 
2 parts powdered formula to 5 parts water over the course of 
2 days. Continue to increase the concentration of the formula 
slowly to reach 1 part powdered formula to 2 parts water at 
about 1 month of age. The gradual increase in concentra- 
tion may prevent digestive problems. Walrus calves should be 
fed 100 kcal/kg body weight/day to expect weight gains of 
about 0.5-0.7 kg/day (Gage and Samansky 2001). Weighing 
the calf each day prior to the first feeding will help moni- 
tor the feeding regime. Continue to weigh the calf daily for 
at least the first month; thereafter, weekly. At 3 weeks, start 
adding salmon oil at 2 ml/liter, increasing gradually to 25 ml/ 
liter. At 10-12 weeks, calves are placed on the maintenance 
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Table 30.3. Walrus Hand-Rearing Formulas 
Alaska SeaLife 
Formula Recipe Walsh Initial? Walsh Maintenance? Walsh Alternative® Center 
ZOOLOGIC Milk 200 g 400 g 800 g 
Matrix 30/52 
Oil Salmon oil 2—25 ml Safflower oil 100 ml, 
cod liver oil 10 ml 
Water 500 ml 800 ml 1700 ml 3000 ml 
Similac Soy Isomil 150 ml 
Whipping cream 300 ml 
treated with lactase 
Yogurt 200 ml 
Nutrical 20 ml 
Multivitamin 1 tablet 1 tablet 1 tablet 2 tablets 
Vitamin E 800 IU Vitamin E 400 IU Vitamin C 250 mg Taurine 250 g 
Taurine 250 mg Taurine 250 mg Vitamin B12 125 pg 
Dicalcium phosphate Dicalcium phosphate 
500 mg 250 mg 
Lecithin 10 ml 2 tablets 
Salt 5g 9g 
Clams 115-230 g/liter add at 1 kg 
10 weeks of age 
Herring (fins and 70 g/liter add at 16 1 kg 


tails removed) 


weeks of age 


a Place powdered Milk Matrix in blender with water and pulse-blend with several 5-second bursts. Do not overblend. 
Pulse-blend in oil. Label and refrigerate. Discard any unused portion after 24 hours. Grind vitamins and calcium 
to a powder before adding directly to bottles after formula has been heated and combine thoroughly. 

> Place clams and herring in commercial blender. Add vitamins, dicalcium phosphate, and NaCl to mortar and 
grind to a powder, and then place in blender. Measure safflower oil in beaker and add Nutrical until 20 ml oil has 
been displaced. Add cod liver oil, Similac Soy Isomil, and lecithin to beaker, mix, and add to blender. Add 500 ml 
water and blend on high for 30-40 seconds. Add remaining 1200 ml water. Mix 10 seconds. Add treated whipping 
cream and mix for 3 seconds. Label and refrigerate. Discard unused formula after 24 hours. 


formula that will be fed until weaning. Feed young calves 
30-40 ml/kg divided into five feeds per day. This schedule 
may be reduced to four times a day starting at 4-5 weeks 
and increasing the daily volume to 40-50 ml/kg. If the calf 
regurgitates, or has abnormal feces, reduce the concentration 
of the formula and/or the amounts fed. 


Delivery Methods and Techniques It may be necessary to 
gavage-feed orphaned calves, as they may not accept a bot- 
tle. Some walrus calves will accept the smaller lamb’s nipple 
more readily than a bovine calf nipple but eventually will 
nurse using standard bovine calf nipples. Consider feeding 
additional warm water-only bottles, especially if the calves 
become dehydrated. Calves appear to be sensitive to for- 
mula temperature. Suggested formula temperature is 35-39°C 
(95-102°F). 


Weaning At 2-3 months of age, start adding ground fish/ 
clams to the formula. At 4—6 months, offer whole fish, clams, 
and fish pieces in addition to the formula. At 8-12 months 
of age, gradually reduce the formula. Walrus calves should 


be weaned completely off formula at about 18 months of 
age. Hand-reared walruses at SeaWorld (7 = 3) began eating 
fish at 3-8 months and were completely weaned off formula 
at 7-10 months. At 3-4 months of age, freshly thawed fish 
(capelin and herring) and clam pieces are introduced into 
the diet. Fish and clam pieces are buried in shaved ice or 
placed in the bottom of the wading pool to encourage forag- 
ing behavior. 


Other Practical Information Walruses rapidly imprint 
on their caregivers, which is an important consideration if 
the animal is to be released back into the wild. Whenever 
possible, walrus pups should be housed together to encour- 
age conspecific socialization. Cleanliness of the environment 
and the feeding equipment is of paramount importance to 
the success of hand-rearing these animals. It is important to 
clean, disinfect, and dry equipment (bottles, nipples, blender, 
etc.) after each use. Most of the calves that have been hand- 
reared have received maternal milk and colostrum. If this 
has not happened, maternal serum should be given orally, if 
available. Proper hygiene is important for both the caregivers 
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and the neonates. Enteric salmonellosis occurred in walrus 
calves with subsequent zoonotic spread (Calle 1995). 

Kovacs et al. reported that the growth rate of wild walrus 
calves is ~0.412 kg/day. At SeaWorld, calves (7 = 3) ranged 
from 0.46 to 0.53 kg/day. Their caloric requirements range 
from 120/130 kcal/kg/day in the first 3 months to 90 kcal/kg/ 
day when they are nearing weaning. Calves can gain <0.3- 
0.4 kg/day on an artificial diet (Brown and Asper 1966; Noren, 
Udevitz, and Jay 2012). Carmine red dye added to the formula 
of 9- to 12-month old calves indicated food passage times of 
12 and 17 hours (Kastelein et al. 2003). 
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Sirenia 


A variety of formulas have been used to rear Sirenia (see Table 
30.4). However, inappropriate Sirenia calf formula compo- 
nents may result in a variety of intestinal problems, such as 
constipation, diarrhea, and enterocolitis. Taurine is a major 
amino acid component of sirenian formulas, and short- and 
medium-chained fatty acids are abundant (Pervaiz and Brew 
1986a, 1986b; Walsh et al. 1996). These findings have resulted 
in the addition of such oils, which have fewer side effects on 
the intestinal tracts of Sirenia than in other species. Manatee 
milk also contains a small amount of lactose, and calves can 
tolerate some carbohydrates in the diet. Elemental diets such 
as Nutramigen and EleCare have been substituted for some 
powdered commercial milk formulas and can be used initially 
for adaption to human care, as well as treating hypoglycemia, 


since they contain high levels of carbohydrates (Walsh et al. 
1996; Askin and Belanger 2014). For long-term use, these for- 
mulations are supplemented with additional protein and suit- 
able fats for adequate growth (Croft and Tollefson 2014). 


Delivery Methods and Techniques 


Heat formulas to body temperature in a hot water bath or 
similar G.e., do not microwave), and check the temperature 
with a thermometer prior to feeding. Formulas using powders 
can be hand-whisked. If using a blender, use on low settings 
and allow the formula to sit, so excess air bubbles decant off. 
Sirenia calves may not nurse from a bottle initially, so you 
may need to use a 12- to 16-French soft flexible stomach tube 
orally or nasally to deliver formula or correct dehydration. 
Determine proper insertion length by placing the tube along- 
side the calf’s body with the tip of the tube extending from 
the level of the nose to the end of the pectoral fin, and then 
mark with tape or indelible marker. Keep tubing separate 
from bottle-feeding techniques. Calves may need a few days 
to adapt to a lamb or bovine calf nipple. Formula may be fed 
via a reusable plastic bottle with vacuum release hole or via a 
system using a collapsible inner bag. To shorten the response 
time to suckling, use the bottle more frequently with smaller 
volumes of formula. Direct contact and holding of the calf 
may be required to allow adaption to the bottle. After adap- 
tion, the calf may adapt to feeding with minimal restraint 
from outside the pool. Some calves prefer to nurse horizontal 
in the water but can adapt to nursing on their backs when 
held to a poolside. The most important factor in bottle accep- 
tance is the level of care and patience of the personnel. It is 
important that all caregivers use similar nursing techniques to 
encourage the calf to accept a bottle more rapidly. 


Feeding Frequency and Daily Requirements 


Depending on the facility, feeding schedules and frequency 
may vary anywhere from 1 to 3 hours. If the calf is dehy- 
drated or nursing ineffectively from the bottle, it may need 
to be tube-fed with electrolyte compounds between bottle- 
feeding attempts. Once the calf begins suckling, offer a bottle 
every 2-3 hours. Formula volume and frequency will depend 
on calf weight, appetite, and body condition. Trichechus 
manatus calves nursing well on a bottle may gain 0.3-0.5 kg 
of weight per day. A 20 kg calf can safely be given 125-150 ml 
of formula with a stomach tube every 3 hours, making sure to 
balance caution with caloric needs and behavior. All bottles, 
tubes, and nipples must be thoroughly cleaned between feed- 
ings, and feeding materials kept separate from other species’ 
materials in the kitchen to avoid bacterial contamination. 


Monitoring Health 


To monitor hydration status and overall condition, take blood 
from calves for complete blood counts and serum chemistries 
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Table 30.4 Sirenia Hand-Rearing Formulas 


Initial Formula SeaWorld Croft-SeaWorld Miami Brazil Formula Brazil Formula Il 
Formula Recipe Walsh Innis or (Initial Diet) 2014 SeaQuarium I (Initial Diet) (Secondary Diet) 
Water 1030 ml 400 ml 900 ml 
Coconut water 200 ml 
ZOOLOGIC Milk 400g 

Matrix 30/52 
Similac Soy lsomil 120 ml 
Soy powder 60g 300 g 
Goat’s milk 210 ml 
EleCare 184g 
powder 
ProSource Low protein 126.5 ml 
protein 
Nutramigen 148 ml 
Taurine 250 mg 
Honey 10 ml 15 ml 
Oats 15 g 30-180 days 
Cooked carrot 70 g 180-600 days 
Cooked potato 70 g 180-600 days 
Cooked beet 35 g 180 days 
MCT oil 28 ml 9 ml 
Macadamia oil 17 ml 
Coconut oil 9ml 
Safflower/canola oil 20 ml/300 ml 2ml 5 ml 
Red palm oil 17 ml 
Lactinex enzyme 1 tab per 100 ml 
Lecithin 8g 
Vitamins B complex 1 tab/liter Children’s vit 
B/C 1 tab/300 ml 
Glicopan vitamin 5 ml 10 ml 
supplement 

Propolis 3 ml 5 ml 
Applications ad, CC, pi, ad, cc, pi, It ad, It ad It 
Comments Originally designed for Designed to 1-30 days of 30-180 days of age 

therapeutic use in the case improve the age 

of enterocolitis, and used protein and fat 

for initial adaption and components 
hypoglycemia 
Sources Walsh unpubl. data Croft pers. Maya pers. Attademo pers. Attademo pers. comm. 
comm. comm. comm. 


Note: ad = adaption; cc = critical care; It = long-term; pi = pneumotosis intestinalis. 


(see Appendix 1, Table A1.4) once or twice a week. In blood 
analysis, include protein electrophoresis and serum amyloid 
to help evaluate immune status and whether inflammation 
is present or not. Newborn blood can clot very quickly, so 
ensure that blood collection syringes are heparinized. Weigh 
neonates daily until stable and gaining weight consistently; 
then weigh twice a week. Calves that present with severe 
hypoglycemia may require blood glucose sampling multiple 
times per day on day 1, and then regularly, as determined 
by the veterinarian, until stable. If intestinal illness occurs, 


take fecal cultures and cytology, repeating as needed until 
stable. Make multiple daily observations, including written 
records prefeeding and postfeeding, noting respirations, activity, 
response to handling, and the absence or presence of feces, 
including color and consistency. Be sure to report abnormal 
activity, such as ventral flexion, crunching, or rolling, all of 
which can suggest colic or intestinal disease. Closely monitor 
water quality in the animal’s records, particularly if excessive 
bacteria or increased levels of oxidative material are seen in 
the water. 
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Weaning Procedures 


Access to green vegetation may be initiated as early as 1 
month of age, and the formula may be continued for 16+ 
months depending on competition for solid food availability, 
weight gain, and individual variation. Trichechus manatus 
latirostris calves may reach 135 kg at year 1 and double this 
size by year 2. Generally, when calves reach the 1+ year mark, 
they will begin to voluntarily decrease their bottle intake, 
given adequate solid food as a replacement. If raised for wild 
release, expose the calves to wild food and appropriate water 
salinity. During the weaning process, expose the calves to 
other sirenians so they learn to associate with their species 
and shift the attention from human caretakers to cohorts. This 
can help in avoiding human imprinting. 


Other Practical Information 


The presence of an umbilical cord can help estimate age, but 
newborn Florida manatees typically have weight ranges from 
17 to 50 kg (average 20-30 kg). Manatee colostrum contains 
46 kcal/100 g; milk during midlactation has 189 kcal/100 g; 
and in late lactation, 130 kcal/100 g (Walsh unpubl. data). 
Newborns and very young calves do not have fully developed 
immune systems, and if they have not nursed colostrum from 
their moms, they may be vulnerable to novel bacteria when 
admitted to a new facility or environment, bringing about 
potential secondary infections. Consider isolating calves from 
other animals during the first months, until stable and immune 
system function begins to develop. Manatee colostrum and 
serum immunoglobulins can be used with these neonates 
(Walsh and Bossart 1999). Serum IgG has been concentrated 
from female manatees located on site and then given to the 
calves at arrival, at doses of 20 units IV and 20 units orally 
to help protect from new, local microbial exposure. The 
environment for newborns is usually a fresh water pool that 
is maintained at 83-86°F (28.3-30°C). Calves kept too cold 
or warm may show decreased appetite. Lecithin is used to 
help emulsify the fats; enzyme compounds with lipase can 
be used to predigest oils in Sirenia hand-rearing formulas. 
Symptoms of enterocolitis can be treated with antibiotics, bis- 
muth subsalicylate, antacids, and simethicone (see Chapter 
27). Fecal material from normal animals can be used in oral 
transfaunation for reestablishing intestinal flora. In creating 
formula recipes, consider options that might be available in 
nearby locations. 


Sirenia References and 
Suggested Further Reading 


Askin, N., and M. Belanger. 2014. A review of natural milk, commer- 
cial replacement formulas, and home made substitutes used in 
the care of rescued manatee calves. Journal of Marine Animals 
and Their Ecology 7: 17-22. 


Borges, C.G., A.C. Freire, F.L.N. Attademo, I.L. Serrano, D.G. Anzolin 
and de P.S.M. Carvalho. 2012. Growth pattern differences of 
captive born Antillean manatee (Jrichechus manatus) calves 
and those rescued in the Brazilian northeastern coast. Journal 
of Zoo and Wildlife Medicine 43: 494-500. 

Croft, L.A., and T.N. Tollefson. 2014. Development of a new for- 
mula for hand rearing orphaned manatee calves (Trichechus 
manatus latirostris). In Proceedings of the 45th Annual Meeting 
of the international Association for Aquatic Animal Medicine. 
Queensland, Australia. 

Odell, D.K. 1978. Growth of a West Indian manatee (Trichechus 
manatus) born in captivity. In The West Indian Manatee in 
Florida, Proceedings of a Workshop, ed. R.L. Brownell Jr., and 
K. Ralls, 131-140. Orlando, FL: Florida Department of Natural 
Resources. 

Pervaiz, S., and K. Brew. 1986a. Composition of the milks of the bot- 
tlenose dolphin (Zursiops truncatus) and the Florida manatee 
(Trichechus manatus latirostris). Comparative Biochemistry 
and Physiology A 84: 357-360. 

Pervaiz, S., and K. Brew. 1986b. Purification and characteriza- 
tion of the major whey proteins from the milks of the bot- 
tlenose dolphin (Jursiops truncatus), the Florida manatee 
(Trichechus manatus latirostris), and the beagle (Canis 
familiaris). Archives of Biochemistry and Biophysics 2406: 
846-854. 

Shapiro, S. 1996. Growth rates and suckling behavior of captive 
West Indian manatee calves, Trichechus manatus latirostris: A 
comparison of feeding regimes. MS Thesis, Florida Institute of 
Technology, Melbourne, Florida. 

Walsh, M., and G. Bossart. 1999. Manatee medicine. In Zoo and 
Wild Animal Medicine, Current Therapy 4, ed. M.E. Fowler, 
507-516. Philadelphia: W.B. Saunders. 

Walsh, M., and M. de Wit. 2014. Sirenia medicine. In Fowler’s 
Zoo and Wild Animal Medicine Current Therapy, ed. M. 
Miller, and M.E. Fowler, 450-457. Amsterdam, Netherlands: 
Elsevier. 

Walsh, M.T., O.T. Oftedal, G.AJ. Worthy, Q.R. Rodgers, S.M. Innis, 
and TW. Campbell. 1996. Manatee milk analysis: Changes 
through nursing. In Proceedings of the 28th Annual Meeting 
of the International Association for Aquatic Animal Medicine. 
Harderwijk, Netherlands. 


Sea Otters 


Hand-rearing sea otters younger than 8 weeks of age, espe- 
cially neonates, requires specialized housing and labor- 
intensive care. It is beyond the scope of this chapter to 
provide all of the details necessary for hand-rearing this 
species successfully, and it is best to contact an expert 
(see Chapter 44). Sea otter pups that are hand-reared can 
become imprinted upon humans. Improved success has 
been achieved at the Monterey Bay Aquarium using surro- 
gate otters to rear orphaned pups. 


752 Hand-Rearing and Artificial Milk Formulas 


Age 
Aging sea otter pups is important because sea otters younger 
than 6-8 weeks have considerably more needs than older 
pups. Useful guidelines to determine age of pups and feeding 
strategies according to age are as follows: 


At birth: Ten deciduous teeth, 3 pairs in the upper jaw 
and 2 in the lower. Total body length is ~50 cm, and 
body weight is about 1.5-2.0 kg. 

At 6 weeks of age: Healthy females weigh 3.0-3.5 kg and 
are ~65-70 cm long, and healthy males weigh 3.5- 
45 kg and are ~70-75 cm long (Mayer 2017). At this 
age, the upper and lower adult incisors are partially 
erupted. Pups with adult incisors may bite down 
on the nipple or dislodge it from the bottle, making 
bottle-feeding a challenge. It is best to start pups that 
have adult incisors present on solid food (Mayer pers. 
comm.). 

Pups <4 weeks of age: Offer formula via bottle. Formula 
recipe is given in Table 30.5. 

Pups 4-6 weeks of age: If bright and alert, offer solid 
food first (see recommendations below). If lethargic 
or depressed, try formula first. 

Pups 26 weeks of age: If bright and alert, offer solid food 
first. If too lethargic or depressed, gavage-feed either 


Table 30.5 Sea Otter and Polar Bear Hand-Rearing Formulas 


Formula Recipe Sea Otter? Polar Bear 

Esbilac 120g 100 g 

Distilled water 480 ml 300 ml 

Whipping cream 100 ml 

pretreated with lactase 

Surf clam tongue (SCT) 120g 

Cod liver oil 5 mli/day (increase 
to 10 ml) 

Karo syrup 24 ml 

Neo-Calglucon 12 ml 

Pediatric vitamins 1 mi/day 


Liquid iron supplement 


(e.g., Enfamil 
Fer-In-sol) 
Source Monterey Bay 
Aquarium 
(Mayer 2017) 


a Process: Pour water into blender and add surf clam tongue (SCT). 
Blend on high until there are no SCT chunks visible (SCT chunks 
will clog the nipple hole). Add Esbilac powder to the mixture. 
Blend on low until all powder is mixed and there are no unblended 
chunks. A spatula is necessary to scrape powder from the sides 
of the blender during this process. DO NOT OVERBLEND. Label 
container with date and time. Discard unused formula after 24 
hours in the refrigerator (Mayer 2017). 


formula or a liquid slurry of surf clam (or other appro- 
priate food item) blended with water at roughly a 
50:50 ratio and warmed to 80°F (Mayer pers. comm.). 


Delivery Methods and Techniques 


Young sea otter pups, from newborn to a few weeks of age, 
seem to adapt to nursing a bottle readily. Older pups may 
not have a strong-enough suckle urge and may need to be 
tube-fed until weaned onto solids. Bottle-feeding is preferred 
if pups are healthy with a strong suckle response. Use an 
infant nurser bottle with disposable “drop-in” liners (4 oz size 
for newborns up to 4 kg body weight and the 8 oz size for 
larger pups). Preferred nipple choices are Wombaroo small 
dog (SD) nipple, or large dog (LD) nipple for larger pups 
(Mayer 2017). A standard infant nipple with an “X”-cut open- 
ing at the nipple aperture to accommodate the thicker for- 
mula has also been used. Heat formula in a water bath to 
36-38°C (97-100°F). Place the pup on its back (dorsal recum- 
bency) and elevate the head slightly with a folded towel. If 
feeding via gavage, warm formula to 27°C (81°F), and place 
the pup on its stomach with its head in a straight line before 
inserting the gavage tube. Use a red rubber urethral catheter, 
12- to 14-French, 16 in. long, and a 60 ml catheter-tip syringe. 
If the pup regurgitates, give 15-20 ml of warm electrolyte 
solution via gavage (Mayer 2017). Follow with warm (80°F) 
formula via gavage 1 hour later. All pups on formula should 
receive 20 ml/kg lactated Ringer’s solution subcutaneously 
every 4-8 hours (Mayer 2017). 


Feeding Frequency and Daily Requirements 


Weigh pups at the same time each day, preferably in the morn- 
ing prior to the first feeding. For pups under 4 weeks of age, 
initially feed 1.50-1.75% of their body weight in milliliters of 
formula per feeding. Gradually increase the volume to 2.5-3% 
body weight per feeding over the next 48-72 hours. This is a 
rough guide, as formula intake varies between pups. For pups 
under 4 weeks of age, the initial feeding frequency should be 
every 2.5-3 hours for the first several days to a week, gradu- 
ally increasing the interval to every 3.5-4 hours. As the feed- 
ing interval increases, the volume of formula should likewise 
increase gradually to 3.5% body weight in milliliters (Mayer 
pers. comm.). 

Adjust total daily formula amount based on the rate of 
weight gain. Expect an average weight gain of approximately 
1% body weight per day. For pups 0-6 weeks of age, females 
gain an average of 40-50 g/day, while males gain about 60 g/ 
day (Mayer pers. comm.). The weight may plateau every 2-5 
days. Loss of more than 5% body weight at any time, or loss 
of weight over 2 consecutive days, may be because too lit- 
tle formula is being offered or consumed, or may indicate a 
medical problem. 

Stimulate the pup to urinate and defecate by splashing 
water on the genital area. Note in the animal’s record the 
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type, route, and volume of food, as well as amount, consis- 
tency or color, and volume of feces and urine. 


Weaning 


Pups 4-6 weeks of age may be offered solid food in addition 
to their formula feeds, or solid food exclusively if recently 
stranded but apparently healthy. Small pieces of clam, squid, 
or peeled shrimp are best offered between bottle-feedings, 
when the pup is in the water. Start with 1.5-2% body weight 
fed every 2-3 hours. Frequency of feeds may vary due to 
the needs of individual pups. Gradually increase to 2.5-3% 
body weight per feeding over the next 48-72 hours. Daily 
intake should be 200-300 kcal/kg of body weight (Mayer 
pers. comm.). Atlantic surf clam (Spisula solisissima) appears 
to be more easily consumed and is generally offered first, fol- 
lowed later by squid and shrimp (Mayer 2017). Place pieces of 
food directly in the pup’s mouth initially, and then offer food 
by placing it on the paws or chest. Once the pup is eating 
solid food, feed every 3 hours. Record total weight of solid 
food consumed. At 6-8 weeks of age, or when the pup is 
taking soft bits readily, open shells and loosen the muscle of 
whole clams or mussels. At 8-10 weeks, as the pup’s ability to 
manipulate food improves, offer unpeeled shrimp and whole 
crabs legs, and by 12-16 weeks of age offer intact mussels. 
Gradually decrease formula feedings approximately equal to 
the measured amount of voluntary solid food intake. Most 
pups are weaned to an exclusively solid diet by 4 months of 
age. Continue to weigh each pup frequently and supplement 
with formula if weight loss occurs, or if the pup fails to gain 
weight. 

Solid food types: Surf clam, squid, shrimp, muscle meat 
from fresh, live mussels, crabs or clams. Whole fresh prey 
items may provide nutrients that are lacking in previously 
frozen muscle meat. 

Preparation: Remove pen in squid and peel shrimp. Cut 
food items into fingernail-sized pieces. Place pieces of food 
directly into the pup’s mouth, or, if the pup can manipulate 
things, on the paws or chest (Mayer pers. comm.). 


Other Practical Information 


Body temperature monitoring is vital during the first few 
weeks of rehabilitation. Significant hypothermia or hyperther- 
mia may occur in a 10- to 30-minute period. Passive infra- 
red transponder (PIT) tags with a temperature sensor may 
be injected subcutaneously to help monitor the body tem- 
perature of the pup. Pups are prone to hypothermia (<97°F) 
if they are left in the water too long or their coat is soiled or 
matted, and to hyperthermia (>101°F) if left in an area with 
inadequate ventilation, cooling, or shade. Very young pups 
may lack the strength to haul out of the water on their own 
and should not have access to water if left unattended. Sea 
otters are born with a dense pelage that is shed between 4-8 
weeks of age. Young pups lack grooming skills and must be 


carefully groomed by caregivers by rinsing the fur in saltwa- 
ter and drying it with a combination of fans, towels, brushes, 
combs, and fingers (Mayer 2017). Neonates should be placed 
in clean water after every bottle-feeding to remove formula 
from fur and allow them to urinate and defecate in the water. 
This also gives them an opportunity to develop swimming 
and diving skills. Water quality is very important. While sea- 
water is optimal, clean fresh water may be used for bath- 
ing but must be chlorine- and oxidant-free. Saltwater may 
be mixed with a home aquarium salt mix, and pups may 
be dipped at the end of each bath or swim period. The fur 
should be thoroughly dried and groomed after each swim 
session. Drying must be done in such a way that the pup does 
not overheat. Pups will chill rapidly in water or if the coat is 
left wet. Room temperature for the pup nursery should be 
15°C (60°F), and water temperature for swimming should be 
about the same. Grooming and drying with saltwater on the 
coat to condition the fur is recommended. Socialization with 
other otters is desirable as early in the rehabilitation process 
as possible. 


Sea Otter Reference 


Mayer, K. 2017. Special considerations for dependent pups. In 
Protocols for the Care of Oil-Affected Sea Otters (Enhydra 
lutris), Davis, CA: Oiled Wildlife Care Network, University of 
California at Davis. 


Polar Bears 


Polar bear neonates should be placed in an infant incuba- 
tor with a temperature range of 30-32°C (86-88°F) and 
40-50% humidity (Hedburg 2002). The temperature is gradu- 
ally reduced to room temperature over a period of weeks. 
The umbilicus should be treated with 0.5% chlorhexidine 
(Nolvasan 2% solution diluted with sterile water) every 6 hours 
for 24 hours. In most reported cases, hand-reared cubs are 
initially given polar bear serum both orally and parenterally 
(Wortman and Larve 1974, Hess 1976; Kenny et al. 1999). It 
is recommended that serum be administered at 3-5 ml per 
pound of body weight in two doses spaced 5-10 days apart 
(AZA 2009). Medical problems associated with formula com- 
position have occurred, including fatal thiamine deficiency/ 
Chastek’s paralysis (Hess 1976), vitamin D deficiency/rickets 
(Kenny 1999), lactobezoars, constipation, dehydration, and 
bloating (Hess 1976; Kenny et al. 1999; Hedberg 2002). 


Formulas 


Most reported formulas include ESBILAC (Pet-Ag, Inc., 
Hampshire, Illinois) and distilled water as the major ingre- 
dients; however, dilution varies from 1 part ESBILAC to 
3 parts distilled water, to a 1:1 ratio. Additional fat was 
added in one formula, using whipping cream, or safflower 
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oil. The supplements listed were common to most formu- 
las (Table 30.5). Newer formulas may include ZOOLOGIC 
30/52. Contact the Polar Bear Species Survival Plan (SSP; AZA. 
org) for the most up-to-date information. 

Use a human “preemie” nipple with the bottle, eventu- 
ally enlarging the nipple hole as the cub grows. In one case, 
a human “cleft palate” nipple worked best. If the cub will not 
nurse from the bottle, a nasogastric tube is utilized; a poly- 
urethane infant feeding tube works well. 


Feeding Frequency and Daily Requirements 


Initially, the formula should be diluted with water, 1 part 
formula to 3 parts water, and gradually increased to full 
strength by the end of the first week. Initially, with newborns, 
feed approximately 1 oz (30 ml) per feeding every 2 hours. 
Eventually reduce the feeding to six to seven times a day. 
A guideline for the amount of formula per day is 15-25% of 
body weight per day (Kenny 2000). This is only a guideline; 
daily weight should be measured at the same time each day. 
Gradual change in formula type or amount is recommended. 

One cub was successfully hand-reared beginning on day 
1 with a 1:3 dilution of ESBILAC powder/water, gradually 
increasing the concentration to 1:1 over the next 30 days. Start 
with nine feedings per day, about 28 ml per feed for the first 
two weeks; then increase the concentration of the formula 
to 1:15, between 16 and 22 days, and feed about 28 ml eight 
times per day. At 23 days of age, the cub was fed 42 ml per 
feed seven times per day; at 30 days, it was fed a 1:1 concen- 
tration of 56 ml per feed six times per day, increasing to 71 ml 
at 48 days; at 51 days, 15 g Hills Feline Science Diet CD was 
added to the formula each day, reaching a total of 120 g/day. 
At 75 days, the cub was eating from a bowl containing 1:1 
powder/water ESBILAC and Hills Feline Science Diet CD 2:1, 
120 ml per feed QID (Hedberg 2002). 


Weaning 


At 10-16 weeks of age, weaning is initiated. Start by offer- 
ing milk formula in a bowl, and introduce precooked baby 
cereal (Gerber rice cereal, Fremont, Michigan) mixed with 
formula. Slowly add solid food soaked in formula, such as 
Hill’s Prescription Diet C/D or I/D (Hill’s Pet Nutrition, Inc., 
Topeka, Kansas, USA) or ZuPreem omnivore diet (Shawnee 
Mission, Kansas, USA). This should be a gradual process tak- 
ing 2 months to complete. Dietary manipulations should be 
gradual with limited amounts of one item adjusted at a time. 


Other Practical Information 


Offer water in a shallow pan to avoid a tendency for the 
cubs to immerse their entire heads into the bowl when learn- 
ing to drink water. Abrasions and contusions are reported 
from the cubs “rooting around” in the incubators (Hess 1976). 
Therefore, select material used for bedding and enclosures 


should be selected carefully. Constipation is commonly 
reported. The addition of corn syrup at 1 ml/25 ml formula 
appears to mitigate this problem. ABDEC, a liquid pediatric 
vitamin, is recommended at 0.5 ml/100 ml formula. Cod liver 
oil at 5 ml/day will increase the fat content and vitamin A 
supplementation (Hedberg 2002). 
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Introduction 


Marine mammals maintained under human care depend on 
us for their needs. We are their stewards and, as such, decide 
all aspects of their housing, feeding, social structure, and 
enrichment opportunities. Environmental considerations are 
paramount to the health and welfare of these animals. Captive 
marine mammals require clean water, nonreflective pool sur- 
faces and surroundings, acceptable acoustical environments, 
stable social groupings, and enough space to perform all of 
their natural behaviors. Air quality is also important, as some 
pathogens are spread in dust and aerosols (see Chapter 19). 
Within the United States, standards for animal care are regu- 
lated by the Animal Welfare Act (AWA), which is enforced 
by the United States Department of Agriculture (USDA 2013). 
Minimum standards specific to marine mammals are found in 
Part 3—Standards, Subpart E “Specifications for the Humane 
Handling, Care, Treatment, and Transportation of Marine 
Mammals.” In Canada, the Canadian Council on Animal 
Care (CCAC 1993) sets the guidelines for the care and use of 
marine mammals. 


Pool and Exhibit Design 


Facility design has evolved greatly in the past 25 years, from 
simple pools meeting minimum federal standards to larger, 
more complex exhibits built to resemble the native habitat of 
the species housed. Modern exhibit design facilitates the nat- 
ural behaviors and general health of the animals and is more 
aesthetically pleasing to the viewing public. It encompasses 
the layout of the entire habitat, from the public viewing areas 
to the back holding areas, including water filtration, the main- 
stay of life support systems. All marine mammals require a 
body of water in which to live. Cetaceans and sirenians spend 
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their entire lives in water, while pinnipeds, polar bears (Ursus 
maritimus), and sea otters (Enhydra lutris) require an accept- 
able area to haul out of the water. A good design addresses 
concerns about pool and exhibit materials, noise above and 
under the water, air quality, lighting, shade, adequate space 
for the animals to perform all of their natural behaviors in 
and out of the water, managing social groupings, and ensur- 
ing neonatal survival. 

Pools should be constructed to ensure marine mam- 
mals can perform all of their natural behaviors. While mini- 
mum standards for most managed marine mammal species 
within the United States are set by the USDA Animal Welfare 
Regulations, greater areas for swimming and depth for diving 
may be of benefit to the animals. While the optimal shapes 
of pools have been debated, ensuring the animals can move 
freely in three dimensions should be the basis of the design. 
Modern facilities have pools that allow the animals to carry 
out all of their natural behaviors in all three dimensions— 
width, length and depth. 

Modern pool areas should be designed to provide shade 
for animals. Lack of shade and other risk factors have been 
correlated with development of cataracts and lens luxation 
in captive pinnipeds (Colitz et al. 2010a; see Chapter 23). 
Further, there is anecdotal and circumstantial evidence that 
bright blue and other reflective pool paint colors have been 
associated with ocular disease in pinnipeds (Colitz et al. 2010b; 
Gage 2012). Exposure to excessive amounts of UV light may 
be exacerbated by animals habituated to looking toward the 
sun for fish rewards or to consume their daily diets. Keepers 
and trainers should strive to offer fish in such a way that the 
animal is protected from looking directly at the sun. At facili- 
ties where the public is allowed to feed the marine mammals, 
strategic shade must be provided, so animals are not forced 
to look directly toward the sun to obtain their fish offerings. 

Modern display facility pools should also be designed to 
minimize the risk of accidental introduction of foreign bod- 
ies by the public. This is always a risk for animals on public 
display. Close contact between visitors and animals may result 
in accidental introduction of objects like sunglasses, hats, and 
other materials to the pool with which animals may interact. 
Ingestion of foreign bodies is a concern in captive marine 
mammals, and removal of these objects is often necessary 
(Stoskopf 2016). Efforts to train animals to retrieve objects, 
as opposed to swallowing them, have been helpful in some 
settings (Stoskopf 2016). Design considerations should also 
include careful scrutiny of vegetation that may be placed in 
the vicinity of marine mammal pools. Debris should not be 
permitted to drift into the pool. Pine needles and oak leaves, 
for example, may be a source of trauma, causing damage to 
ocular tissues. Further, some vegetation may be toxic, and ani- 
mals may access material unexpectedly. A beluga died several 
weeks after ingesting 20 lbs of oak leaves (Quercus spp.) that 
had blown into her pool (Mergi et al. 2012). The authors spec- 
ulated that esophageal damage caused by the oak leaves pro- 
vided a portal of entry for a fatal infection with Aspergillus sp. 


Otters, otariids, and odobenids are capable of climbing; 
therefore, fencing and walls should be of sufficient height 
and strength to contain these animals. Sea otters and walrus 
(Odobenus rosmarus) are notorious for dismantling or dam- 
aging their enclosures. Care should be taken to prevent access 
to structural components such as nuts and bolts, or to win- 
dow sealant or gaskets. 


Lighting 


Lighting intensity and duration ought to reflect conditions 
encountered by the animal in its natural habitat. This may 
entail supplying additional lighting for species housed 
indoors or providing shade to prevent overexposure in out- 
door facilities. Lighting for indoor facilities must “provide 
uniformly distributed illumination which is adequate to per- 
mit routine inspections, observations, and cleaning of all 
parts of the primary enclosure” (USDA 2013). It is gener- 
ally desirable to provide natural lighting, but a mixture of 
candescent and incandescent light is acceptable, to aim for 
periodicity of lighting similar to that in an animal's natural 
environment (Geraci 1986). Interestingly, polar species tol- 
erate local ambient cycles without detriment (Sweeney and 
Samansky 1995). 

Pinnipeds housed indoors should have a mechanism 
for photoperiod to be adjusted to provide natural variation 
appropriate for the species. Mo et al. (2000) reported abnor- 
mal molt cycles in harbor seals (Phoca vitulina) maintained 
without appropriate variation in photoperiod. 


Air Quality 


Air quality is of particular concern for cetaceans, especially 
given their predilection to develop pneumonia as surface air 
is inhaled deep into the lungs without being filtered by nasal 
turbinates (Ridgway 1972). Consequently, noxious fumes (i.e., 
chlorine), heavier-than-air by-products of disinfection (e., 
volatile organic compounds), or particulate debris (ie., dust, 
construction debris) present at the air—-water interface are 
considered risk factors for lung disease. Cetaceans, in par- 
ticular, should be protected from aerosolized debris, which 
can be generated by nearby construction, environmental dust 
storms, nearby pressure washing, or contaminates dislodged 
from overhead structures (see Chapter 19). Porous shade 
structures may be a risk factor for introduction of pathogens 
and aerosolized debris. Material such as dust, debris, and bird 
fecal material may collect on the overhead material during the 
dry season and then be introduced into the pool in signifi- 
cant amounts with the first seasonal rainstorm. The risk may 
be increased following a prolonged dry season. Cetaceans 
housed in indoor enclosures may benefit from having high- 
efficiency particulate air (HEPA) filtration systems that are 
cleaned regularly (Martony et al. 2016). 
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Noise 


Noise levels above and below the water must be considered 
when creating an optimal environment for marine mammals. 
Noise generated by filtration systems, nearby attractions, traf- 
fic, and activities or events held in proximity to marine mam- 
mal pools or haul-out areas may be disruptive to the animals. 
Evaluating the levels of the sounds generated near enclo- 
sures, as well as measuring noise levels underwater using a 
hydrophone, should be included in modern marine mammal 
husbandry protocols. Standards for acceptable levels of noise 
exposure have not been established for captive marine mam- 
mals, despite considerable research on impacts of noise on 
wild marine mammals (Southall et al. 2007). 


Life Support (Water) System Design 


Water quality is critically important to the health and well- 
being of marine mammals, and appropriate life support sys- 
tems (LSS) must be designed to meet their needs. There are 
many challenges when designing life support systems for these 
animals. The objective is to remove pathogens and organic 
material from the water without causing harm to the animals. 
Sterilization of water is no longer the goal for modern marine 
mammal life support systems (Van Bonn et al. 2015). Water 
for marine mammals should be clean but maintain a balance 
of organisms with the goal of creating an optimal marine 
biome. Overoxidizing the water can result in spikes or exces- 
sive concentrations of oxidants in the water, or a buildup of 
unwanted by-products of disinfection that may be unhealthy 
for the resident animals (Latson 2009, 2016). Excessive micro- 
organisms must still be managed. This is most commonly 
accomplished by using oxidants judiciously, including ozone, 
trace chlorine, and/or UV light (see below). 


Source Water 


Marine mammals may be housed in sea or bay pens where 
the quality of the water is dependent upon the condition of 
the ocean or bay water. Tides that move the water through 
their enclosures or the amount of water flow provided 
by other means also influences the quality of their water. 
Housing marine mammals in sea or bay pens may pose a risk 
of exposure to natural contaminants, such as harmful algal 
blooms, or man-created contaminants such as petroleum 
spills or other pollutants. Protocols to protect these animals 
from harmful contaminants should be in place. 

Marine mammals may also be housed in engineered 
pools with water systems that can be open (flow-through), 
semiopen, or closed. Pools with a continuous flow of water 
from a natural source are called “open” systems. Filters, while 
generally not necessary, may be added to open systems to 
improve water clarity and turnover. As with open water pens, 


contingency plans should be in place in the event that natural 
(harmful algal blooms) or man-made contaminants (oil spills) 
from incoming water enter the system and become a concern. 

Pools maintained without a continuous flow of water are 
designated as semiopen or closed systems. In semiopen sys- 
tems, the pools are managed with a periodic flow of natural 
seawater and may be augmented by the use of LSS or a filtra- 
tion system. Closed systems are more intensely managed using 
an LSS, since in these systems, all water is recirculated, and 
new water is only added to replace water lost to evaporation 
or filtration management. Sterilization, temperature control, 
and removal of solids, water contaminants, and by-products 
of disinfection are processes incorporated into system design 
to maintain acceptable water quality. Water changes or addi- 
tions are made as needed in closed systems to maintain salin- 
ity, pH, and other water parameters (see below). 

Water for semiopen or closed systems may come from an 
ocean or bay, or may be fresh water originating from a well 
or municipal source. When municipal fresh water is used as 
the source water, depending on the species of marine mam- 
mal being maintained, salt or a seawater salt product is added 
to maintain appropriate salinity. For pinnipeds, sodium chlo- 
ride rather than “Imitation Ocean” products are acceptable 
for salinizing water. Salt products that are bromine-free are 
preferred, because bromine combines with nitrogenous waste 
to create toxic by-products. Bromine is discussed in more 
detail below. 

Municipal fresh source water may have high chlorine lev- 
els, often over 2-3 ppm. This may contribute to ocular, der- 
matologic, or respiratory damage (Gage 2012). Chlorine levels 
in source water may vary by season and should be tested 
regularly to ensure that unhealthy levels of chlorine are not 
being added directly to the marine mammal pools. Methods 
to remove excess chlorine may include carbon filters, sodium 
thiosulfate treatment, or holding pools where the chlorine 
may dissipate from the water naturally or through heavy 
aeration. Municipal water may also contain chloramines or 
other additives and should be tested to ensure animals are not 
exposed to unwanted contaminants. 


Filtration 


Filtration requirements vary with system design, water source, 
and species of animals being housed. Stamper and Semmen 
(2012a) have provided an overview of filtration and water condi- 
tioning principles for zoo veterinarians. Biological and mechani- 
cal filtration are commonly integrated into designs for treatment 
of marine mammal pool waters. Further, water conditioning and 
sanitation—also referred to as chemical filtration—are critically 
important aspects of filtration for marine mammal sys- 
tems and are highly regulated in the United States (see 
below). Fundamental concepts of system design and life 
support system components have been reviewed (Spotte 
1992; Stamper and Semmen 2012a; Francis-Floyd, Petty, 
and Yanong 2016). 
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Biological Filtration Biological filters function to remove 
nitrogenous wastes (ammonia, ammonium nitrite, and some 
nitrates) from aquatic systems mainly by aerobic nitrification, 
although some anaerobic processes occur. They are designed 
to provide a large surface area on which beneficial bacteria 
may grow. Heterotrophic bacteria use mostly organic sub- 
stances as energy sources, whereas autotrophic bacteria focus 
on inorganic compounds. Biological filters usually consist of 
bacteria attached to a solid matrix such as gravel, sand, or 
plastic beads, where the bacterial populations can become 
dense, impairing filter efficiency. Bacterial colonization also 
occurs on the surfaces of submerged system components 
such as pool walls or pipes. The high-pressure sand filters 
and bead filters may also serve as biological filters, if not 
exposed to disinfectants or oxidizing agents. 

Beneficial bacteria, including Nitrosomona spp., Nitrobacter 
spp., and related organisms, will grow in the biological filters, 
and biofiltration occurs when these bacteria actively break down 
organic compounds. These bacteria are capable of detoxifying 
nitrogenous wastes, such as ammonia to nitrites, and then nitrites 
to nitrates. Nitrates are typically removed by water exchange, or 
less commonly by anaerobic denitrification systems. Because 
of the use of living bacteria to metabolize nitrogenous wastes, 
systems that are equipped with biological filtration may rely on 
sterilization methods other than chlorination to maintain accept- 
able coliform counts. 

In addition to metabolism of nitrogen by-products, bio- 
logical filtration may be affected by organic carbon added 
to the system (Stamper and Semmen 2012b). Organic mate- 
rial is continually introduced to the system from urine and 
feces, the addition of food, epithelial cells from sloughed skin 
or hair, and certain types of source water, such as natural 
seawater. Total organic carbon (TOC) is the sum of all dis- 
solved organic carbon (DOC) plus particulate organic carbon 
(POC). The DOC contains refractory organic matter, which 
is not degraded by biological filtration, but can be removed 
by being bound to an adsorbent. A common adsorbent is 
activated charcoal, which has a limited life span and must 
be chemically regenerated or replaced. Total organic carbon 
may also be precipitated and trapped by flocculation. This 
process in which TOC is precipitated and trapped in the fil- 
ters as flocculants and sediments was commonly employed 
in older life support systems. Alum and cationic polyelectro- 
lytes (positively charged polymers) are common flocculants. 
Since flocculation aggregates and increases a portion of the 
POC, and even converts some of the DOC to particulate mat- 
ter, it improves filtration efficiency and thus reduces oxidant 
demand (Robinson 1979; Gregory 1989). Modern life support 
systems often include protein skimmers (or foam fraction- 
ators) to aid in the removal of DOC and POC, which can 
significantly reduce the load of organic compounds on bio- 
logical filtration systems. 


Foam Fractionators Foam fractionators are used to remove 
organic compounds in water before they break down to 


nitrogenous waste. These units can significantly reduce the 
load on biological filtration systems and enhance DOC and 
POC removal (Spotte 1992). Some organic compounds behave 
as surfactants and will concentrate at the air—water interface. 
These will be drawn to air bubbles generated in a contact 
chamber, and their hydrophobic ends “attach” as the water is 
passed through a chamber and forced into contact with the 
column of fine bubbles. The surface of the bubbles attracts 
proteins and other organic substances and carries them to 
the top chamber where the foam collects and is voided from 
the system. This method physically removes the organic com- 
pounds from the life support system. Ozone may be intro- 
duced into the foam fractionator and will efficiently oxidize 
pathogens within the fractionator. Larger systems or pools 
may require several foam fractionators in series, while indi- 
vidual smaller pools may be managed with a single unit. 


Mechanical Filtration Mechanical filtration, specifically 
granular media filtration, is used to remove particulate waste 
and particulate organic carbon (POC). Two types of mechani- 
cal filter systems exist: pressurized and vacuum (or gravity 
feed) filters. These mechanical filters are generally constructed 
of sturdy steel, fiberglass, or plastic vessels built to hold sand 
or other filter media such as plastic bead media. Water passes 
through sand filters under pressure and with a high flow rate. 
These filters must be backwashed regularly to remove the waste 
and particulate material that is trapped by the sand particles. 
Backwash water is either treated in a backwash recovery system 
and recirculated back to the animal pools, or discarded to the 
sewer or wastewater system. 

Foam on the pool surface is an indicator of excessive 
protein in the system that has not been properly broken 
down and removed. The presence of foam may indicate that 
the sand filters, or another part of the LSS, are not function- 
ing properly. Channels that can develop in the sand filters 
over time may allow water to pass through without removing 
the solids, leading to a protein buildup in the system, which 
causes excessive foam production. The sand filters must be 
maintained regularly to ensure there are no channels forming 
in the media. Foam (or protein) fractionators are often incor- 
porated into newer systems to help solve this problem. 

Plastic bead filters are increasingly being used in the 
design of marine mammal life support systems and have sev- 
eral advantages over sand filters. They operate at a lower 
pressure, require less energy to operate, have lower back- 
wash water loss rates, and do not cake or form channels, and 
the media rarely needs replacement. The bead systems were 
developed for use in aquaculture systems, or those housing 
display fish and other aquatic animals, but are becoming 
more popular for use in marine mammal systems. 


Chemical Filtration Chemical filtration involves the use of 
additives or water treatments to improve water clarity, remove 
colored compounds, and decrease contamination with infec- 
tious agents. Because of the importance of maintaining low 
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coliform counts in systems housing marine mammals, a dis- 
cussion of chemical filtration options has been incorporated 
into the discussion of sanitation and disinfection methods 
provided later in the chapter. 


Coliform Counts 


Coliform growth has been used as an indicator of sanita- 
tion and water quality, as well as the effectiveness of a life 
support system, although detection is affected by culture 
method, presence of competing bacteria, and stress on bacte- 
ria in sample handling. The USDA, under 3.106(b)(), “Water 
Quality, Bacterial Standards,” requires that the coliform bacte- 
ria count cannot exceed 1000 MPN (most probable number)/ 
100 ml of pool water. If the test results indicate that excess 
bacteria are present (i.e., >1000 MPN/100 ml), then two addi- 
tional tests must be run 48 and 96 hours after the original 
test. If the average count, for the three tests combined, is less 
than 1000 MPN/100 ml, then no further action is required. If 
the test results indicate an excessive bacterial load, correc- 
tive action must be taken immediately. This may be water 
exchange, sterilization, or some combination of techniques. 
Water testing must be repeated and demonstrate acceptable 
bacterial counts. 


Water Turnover 


The water turnover rate is how often the pool volume is 
exchanged per unit of time and is important to maintain 
water quality by treating and removing organic waste and 
particulate matter. An optimal turnover rate for most marine 
mammal systems is moving the full pool volume through the 
LSS in 2 hours or less. Turnover rates of once or twice per 
day could be acceptable depending on the volume of water 
and the size and number of animals in the pool. The results 
of coliform testing may be used as a rough indicator of the 
adequacy of the water turnover rate. 


Chlorination 


Chlorine inactivates pathogens and is commonly used to con- 
trol coliform levels in marine mammal pools. When chlorine 
is added to an aquatic system as a gas or as salts of hypo- 
chlorous acid @e., sodium or calcium hypochlorite), it forms 
hypochlorous acid (HOCD and hypochlorite (OCI); together, 
these molecules are referred to as “free chlorine.” Of the two, 
HOC] is substantially more effective as a sterilant (Stamper 
and Semmen 2012a). These are very reactive molecules, and 
sterilization efficacy is affected by organic content, pH, and 
temperature of the water. Formation of HOCI is favored by 
lower pH; however, seawater is typically maintained in the 
pH range of 75-8.3 (Stamper and Semmen 2012c). When 
organic matter containing nitrogen and ammonia is present 
in pool water treated with chlorine, by-products called chlo- 
ramines are formed. Measurements of “total chlorine” include 


all chloramines, as well as the free chlorine mentioned above. 
Determining the concentration of chloramines requires an 
indirect calculation in which the concentration of free chlo- 
rine is subtracted from the concentration of total chlorine. 

Formation of chloramines in marine mammal systems 
has been reviewed by Stamper and Semmen (2012a). Free 
ammonia combines with free chlorine to produce a suite of 
chloramines, referred to as combined chlorine. These are 
monochloramine (NH,CD, dichloramine (NHC), and trichlo- 
ramine (NCL,). Although the chloramines are oxidizers, they 
are not as effective as free chlorine. Importantly, they are 
also more irritating than free chlorine (Stamper and Semmen 
2012a). In addition to the formation of chloramines in the 
system as part of the chlorination process, municipal water 
suppliers typically add chlorine and/or chloramines for disin- 
fection. These chemicals may therefore be introduced during 
water changes if incoming water is not pretreated to remove 
them. Marine mammals exposed to excessive chloramines 
may develop skin or eye irritation and corneal lesions (Latson 
2009; Gage 2012). 

Chlorine levels should be measured at least once daily, 
and there should be little change in values from day to day. 
Ideally, there should be no more than 0.2 ppm change of 
total chlorine from one day to the next. Larger spikes could 
indicate a problem with the chlorine distribution system and 
could cause discomfort to the animals. Total chlorine levels 
should not exceed 1.0 ppm and optimally should be main- 
tained well below that level, with free chlorine at approx- 
imately 50% of the total (Dold 2015). Modern systems are 
designed to maintain optimal water quality using minimal-to- 
no chlorine by incorporating other methods, such as ozone 
or UV light, to control pathogens. Emergency chemicals, such 
as sodium thiosulfate, should be available in case of an acci- 
dental overchlorination of a system. 

Chlorination is inappropriate as a means of routine dis- 
infection in systems housing sea otters and fur seals as it can 
damage their fur. 


Bromine 


Bromine is not acceptable for use as a disinfectant for marine 
mammal LSS (Latson 2009, 2016; Liviac et al. 2010; Plewa, 
Wagner, and Mitch 2011). Bromine reacts with organic materi- 
als, forming brominated organic compounds, which will per- 
sist in the water, and a water change is necessary to eliminate 
them. Bromine in marine mammal pools forms bromamines 
and hypobromous acid, which in turn react with organic mat- 
ter in the water to form brominated disinfection by-products 
that can be harmful to human or animal health (Latson 2009, 
2016; Liviac et al. 2010; Plewa, Wagner, and Mitch 2011). 
Seawater and some commercial seawater salt mixes contain 
bromine; therefore, as a precaution, by-products of bromine 
should be identified and monitored to ensure optimal water 
quality. Public water systems are required to routinely mea- 
sure purgeable organic compounds (deleterious by-products 
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of bromine and other compounds), so these test results should 
be available from municipal water authorities. 


Ozone 


Most modern marine mammal facilities incorporate ozone 
(O,) into their LSS for both sterilization and maintenance of 
water clarity. Ozone is generated by passing a high AC volt- 
age across a discharge gap in the presence of oxygen. The 
effectiveness of an ozone system for controlling pathogens is 
based on the contact time the ozone has with the water and 
the power of the ozone generator. Ozone systems use differ- 
ent methods to transfer the ozone gas into the water, followed 
by a method to degas, or remove the undissolved ozone from 
the water. The removed gas is then passed through an ozone 
destruct, which uses a catalyst to convert ozone back to oxy- 
gen. Ozone in solution can decompose and oxidize materials 
in two ways. (1) Molecular ozone can react with oxidizable 
compounds directly (though this process is short-lived and 
directly affected by pH, bicarbonate level, TOC level, and 
temperature). The immediate reaction products are free radi- 
cals, hydroperoxide species, and unstable ozonide interme- 
diates. (2) The second pathway is the indirect action of the 
oxidizable compounds with radicals formed as ozone decom- 
poses. Once in solution, the half-life of ozone in pure water 
at 20°C is approximately 165 minutes. 

Ozone chemistry is influenced by the presence of bro- 
mide (Br-), a component of both fresh water and seawater. It 
is often a contaminant of granular sodium chloride and thus 
is found in artificial seawater, too. Ozonation in the presence 
of bromide is less efficient because Br~ is regenerated from 
the intermediate oxidation product OBr, causing the cata- 
lytic destruction of O,; and ultimately increasing the ozone 
demand (Spotte 1992). Ozone is a powerful oxidant, and 
water in direct contact with animals should be ozone-free. 
The free radicals in ozone can cause cellular damage. If eye 
problems are noted and other chemical spikes or noxious by- 
products of disinfection are not identified, the water from the 
animal pools should be tested for residual ozone (Gage 2012). 
There are inexpensive test kits available that will identify the 
presence of ozone. Facilities where ozone is used should have 
the ability to test for its presence to ensure there is no residual 
ozone in the animal pools. Ozone activity is measured by 
testing the ozone reduction potential, or ORP, of the water. 
For optimal activity, ORP should be 2700 mV (Stamper and 
Semmen 2012b); however, this must be eliminated from the 
system before treated water comes back into contact with 
animals. To minimize damage to eyes, water in contact with 
marine mammals should have an ORP <400 mV (Stamper and 
Semmen 2012b). 


UV Light 


Ultraviolet light has been shown to be an adequate method 
of water disinfection and uses ultrashort wavelengths of light 


to kill microorganisms. Use of UV light in aquatic animal life 
support systems has recently been reviewed (AALSO 2016). 
Mercury lamps are frequently used for marine mammal sys- 
tems, with the efficiency of the sterilizer dependent on the 
wattage of the bulb, age of the bulb, exposure time within 
the unit, and deposits on the quartz sleeve. This method is 
also commonly used in home aquariums, albeit on a much 
smaller scale. When dealing with the volumes associated with 
larger pools, the water must be exposed to the UV radiation 
for sufficient time and in sufficient quantity, so thin layers 
of water are passed by an array of lamps or bulbs. This is a 
contact method of disinfection, and the microorganisms must 
be directly exposed to the light energy. For marine mammal 
pool water, this requires a high side-stream flow (diversion) 
of the circulating water to the lamps. Without sufficient flow 
past the lamps, the coliforms in the pool water can quickly 
overcome the decrease in coliforms seen in the fraction of 
treated water. UV disinfection may be best used in combi- 
nation with other disinfection techniques. This combination 
may decrease the amount of chlorine or other oxidants neces- 
sary to maintain the quality of the water for the animals. 


By-Products of Disinfection 


Ozone, chlorine, or bromine will oxidize compounds in the 
water, and when dissolved organic material is present, by- 
products of disinfection are produced. These by-products 
may be irritating or toxic to the animals (Latson 2009, 2016; 
Liviac et al. 2010; Plewa, Wagner, and Mitch 2011). Nitrogen- 
containing compounds, monochloramine, dichloramine, and 
especially nitrogen trichloride are irritating to eyes and mucous 
membranes. Carbon-containing by-products include trihalo- 
methanes, examples of which are trichloromethane (chlo- 
roform) and tribromomethane (bromoform), both of which 
are known to cause liver damage (Liviac et al. 2010; Plewa, 
Wagner, and Mitch 2011). These compounds are volatile and 
may vaporize and linger in the air immediately above the 
water, posing a risk of inhalation by marine mammals. More 
complex carbon by-products that are not as volatile may also 
be produced and may build up to significant levels if the 
pool water is changed infrequently. The presence of the by- 
products of disinfection in the water may also contribute to 
ocular and respiratory disease. Many of these harmful by- 
products of disinfection are infrequently identified or mea- 
sured in marine mammal pools. 


Water Quality Parameters 


Salinity 


Optimal salinity for managed marine mammals is similar to 
ocean salinity and is often maintained between 27 and 32 
parts per thousand (ppt). Marine cetaceans and sea otters 
must be housed in saltwater systems but may be kept in fresh 
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water during transport or for certain medical conditions (Dold 
2015). Lower salinity may have an impact on the health of the 
skin and eyes, especially in cetaceans, as well as the comfort 
level of the animals. Many otariids and phocids have been 
successfully managed in fresh water systems, but saltwater 
systems are considered a more appropriate environment. Eye 
problems may be associated with pinnipeds housed in fresh 
water systems (Gage 2012). Sodium supplementation is rec- 
ommended for pinnipeds maintained in fresh water systems 
to minimize concerns of hyponatremia. Supplementation of 
3 g NaCl/kg of fish fed has been recommended (see Chapter 
29). Natural habitats for sirenians include saltwater, brackish 
water, and fresh water environments (Reep and Bonde 2006). 
Captive manatees (Jrichechus manatus latirostris) have been 
held successfully in both saltwater and fresh water, but when 
housed in a marine system, they need to be continually 
offered a source of fresh water, such as a garden hose (see 
Chapter 43). 


pH 


Marine mammals have been managed without notable prob- 
lems in water with a wide pH range, from 7.0 to 8.5. Ocean 
pH is approximately 8.1. Measuring pH daily is required for 
marine mammals housed in the United States unless they 
are maintained in open systems with a natural exchange of 
seawater. Because pH plays a key role in the chemical reac- 
tions that involve many of the chemical oxidants mentioned 
above, daily monitoring of pH is critical to assess the dynam- 
ics of these interactions. For example, as the pH increases, the 
amount of chlorine added to the pool for pathogen control 
must be increased to achieve the same results. Water sys- 
tems using chlorine-based oxidants will be more effective for 
water sterilization at a lower pH. Thus, there is a balance 
between the desire to maintain optimal ocean pH and the pH 
for which these LSSs best operate (Latson 2009). 


Temperature 


Specific temperature ranges for marine mammals are derived 
principally from the husbandry experience of zoos and 
aquaria. The USDA regulations (USDA 2013) stipulate that 
air and water temperatures encountered by marine mam- 
mals must “not adversely affect their health and comfort,” yet 
acceptable ranges are not provided. Sweeney and Samansky 
(1995) present general guidelines for water temperature min- 
ima and maxima for polar, temperate, and tropical species 
of pinnipeds and cetaceans. Species-specific ranges are pro- 
vided elsewhere (see Chapters 29 and 40-45). Facilities 
should incorporate heaters and chillers into system design to 
modulate both air and water temperatures, particularly if sub- 
ject to diurnal and seasonal extremes in outdoor enclosures. 
Manatees maintained at temperatures <20°C for as little as 
2-3 days may develop signs of cold stress syndrome, a poten- 
tially fatal condition (see Chapter 43). 


Ammonia 


Ammonia in aqueous systems exists in two forms, ammo- 
nia (NH,) and ammonium (NHi): Together these parameters 
are referred to as total ammonia nitrogen. These are also 
referred to as the unionized and ionized forms of ammonia, 
respectively, and clinical interpretation in the context of fish 
medicine has been reviewed (Francis-Floyd, Petty, Yanong 
2016). In systems designed to house fish, removal of ammo- 
nia is accomplished by water exchange or biological filtration, 
described above. In systems designed to house marine mam- 
mals, water exchange and sanitation to maintain appropriate 
coliform counts, coupled with mechanical removal of particulate 
debris, may be more important than biological filtration per se. 

The equilibrium that exists between ammonia and ammo- 
nium is governed by pH and temperature. As both parameters 
increase, the concentration of total ammonia favors the presence 
of unionized ammonia. Consequently, marine systems favor 
formation of ammonia (NH;) due to the higher pH typically 
encountered in seawater. As described above, the presence of 
ammonia favors formation of chloramines, if the system is chlo- 
rinated as a means of maintaining appropriate bacterial counts 
in the water. As previously mentioned, chloramines are less 
effective at sanitizing the water and are more irritating to tissues 
(Stamper and Semmen 2012a). Furthermore, pools maintained at 
a higher pH typically require increased additions of chlorine to 
meet sanitation goals, further compounding the problem. 


Nitrite and Nitrate 


Nitrite is the second breakdown product created during 
aerobic nitrification of ammonia. Although highly toxic to 
fish, it has not been reported to be of concern in marine 
mammal systems. Nitrate is the end product of nitrification. 
Removal of nitrate from aquatic systems requires dilution by 
water exchange, or use of an anaerobic denitrification sys- 
tem (Stamper and Semmen 2012c). While these systems are 
increasingly common in large marine systems housing fish, 
they are rarely incorporated into marine mammal life support 
designs. Historically, nitrate has been considered relatively 
nontoxic. Nitrate has significant endocrine-disrupting and 
goitrogenic properties (Guillette and Edwards 2005, Eskiocak 
et al. 2005), and recommendations include maintaining con- 
centrations <100 mg/L (tamper and Semmen 2012c). Morris 
et al. (2011) were able to demonstrate that juvenile white- 
spotted bamboo sharks (Chiloscyllium plagiosum) exposed to 
70 mg/L NO,-N for 29 days developed histologic evidence of 
diffuse hyperplastic goiter. Garner et al. (2002) described goi- 
ter in neonatal dolphin (/ursiops truncatus) calves, and the 
etiology of the condition was not determined. In addition to 
nitrate, perchlorate is also recognized as goitrogenic and may 
be introduced as a contaminant from some municipal water 
supplies (Kimbrough and Parekh 2007). Inadvertent exposure 
to environmental goitrogenics may be worthy of consider- 
ation in such cases. 
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Special Considerations 
for Different Taxa 


Cetaceans 


Common environmental diseases in captive cetaceans fre- 
quently are related to air quality problems (see above) or ocu- 
lar or dermal disease associated with excessive exposure to 
oxidants or their by-products. By-products of disinfection may 
include chloramines and volatile organic compounds, which 
are not only irritating to skin (Stamper and Semmen 2012a), 
but, if concentrated at the air—water interface, may contribute 
to respiratory irritation, or could be inhaled, absorbed into 
the body, and contribute to liver pathology (Plewa, Wagner, 
and Mitch 2011). Contaminants in city water, such as perchlo- 
rate, could contribute to health problems and in humans are 
considered goitrogenic. 


Pinnipeds 


The most common environmental problem in captive pin- 
nipeds is ocular disease resulting from a variety of prevent- 
able factors. Excessive exposure to intense UV light can 
result either from pools and surroundings that are painted 
a solar-reflective color (i.e., light blue) or from inappro- 
priate feeding procedures that cause the animal to look 
directly at the sun, even briefly. Preventative measures 
are strongly recommended, but once ocular damage has 
occurred, it is essential to have ample shade to provide 
comfort to the animal. Poor water quality, excessive oxi- 
dants in the water, and traumatic conspecific social interac- 
tions may also contribute to ocular disease. Hyperthermia 
is often of concern, sometimes resulting from inadequate 
cool haul-out areas. Pinnipeds are intolerant of heat, and if 
housed in areas where no pool is available, they must have 
access to shade at all times. If the ambient temperature 
is apt to persist over 27°C, then a pool of water or other 
means to allow the animals to thermoregulate are essential 
to their health and well-being. Hollow gunite structures 
built to create artificial rocks are known to accumulate 
heat from the sun throughout the day and often radiate 
substantial heat back into the exhibit. These structures or 
surfaces may be too hot for the animals to use to comfort- 
ably haul out either directly onto the surface or nearby, and 
other haul-out areas must be available to the animals. A 
lack of space or visual barriers when housing adult males 
together can be problematic, since adult male otariids are 
often incompatible during the breeding season. If housed 
in the same enclosure, there should be ample space for the 
subdominant animal(s) to retreat from the dominant male. 
Visual barriers are essential to allow animals areas where 
they can escape sight of one another. 
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Introduction 


The number of stranding response facilities for marine mammals 
in the United States has increased over the past two decades, 
resulting in thousands of rehabilitated marine mammals released 
back into the wild (Geraci and Lounsbury 2005; Moore et al. 
2007; Johnson and Mayer 2015; Simeone et al. 2015). All reha- 
bilitated marine mammals released in the United States must be 
tagged or marked (50 CFR 216.27) and post-release monitoring is 
recommended, if not required, for some taxonomic groups. This 
depends on their release category as determined by a veterinar- 
ian in concordance with guidelines established by the National 
Marine Fisheries Service (NMFS) and the US Fish and Wildlife 
Service (USFWS; Whaley and Borkowski 2009). Monitoring the 
fate of released, rehabilitated marine mammals is not only nec- 
essary for the validation and refinement of veterinary proce- 
dures and treatments, but allows for the recovery of individuals 
that are unable to adapt to the wild (Whaley and Borkowski 
2009). For cases in which rehabilitation is used to enhance small 
or endangered populations, monitoring the ability of individuals 
to forage, survive, and ultimately reproduce following release 
is essential for assessing the conservation value of a given pro- 
gram’s efforts. Post-release monitoring has also been useful in 
some cases for elucidating poorly understood ranges and habitat 
use of wild populations (Moore et al. 2007). 

At the time of CRC’s publication of the second edition of 
Marine Mammal Medicine, there was little knowledge of the 
likelihood of a rehabilitated and released individual surviv- 
ing. Post-release monitoring efforts to that time had focused 
on only a limited number of case studies. Post-release studies 
of clinically healthy stranded and rehabilitated marine mam- 
mals have since become more available and results indicate 
that some pinnipeds (Lander et al. 2002; Lander and Gulland 
2003; Vincent et al. 2002a; Norris, Littnan, and Gulland 2011; 
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Morrison et al. 2012; Gaydos et al. 2013), small cetaceans 
(Zagzebski et al. 2006; Wells et al. 2013a; Sharp et al. 2016), 
sea otters (Enhydra lutris; Hanni 2003; Nicholson et al. 2007; 
Johnson and Mayer 2015), and manatees (Jrichechus manatus; 
Flamm et al. 2005; de Lima et al. 2012; Normande et al. 2015; 
Adimey et al. 2016) fared well. These conclusions were based 
on reintegration with wild populations and comparisons of 
rehabilitated animals’ behaviors, physiological abilities, extent 
of human interactions, survival, and reproduction with those 
of wild animals. Although these studies generally demon- 
strated the success of marine mammal rehabilitation pro- 
grams for many species, rehabilitation is not considered a 
viable conservation tool for polar bears (Ursus maritimus) at 
this time (Derocher et al. 2013). However, the USFWS consid- 
ers whether to release rehabilitated polar bears (as well as 
manatees and sea otters) into the wild or seek permanent 
placement in public display facilities on a case-by-case basis 
(Whaley and Borkowski 2009). Monitoring programs for polar 
bears may be necessary in the future, in the event that res- 
cue centers or translocation programs are ever instituted in 
response to the anticipated loss of polar bear habitat (i.e., sea 
ice) due to climate change (Owen and Swaisgood 2008). 
This chapter was formatted to supplement Lander et al. 
(2001), which summarized standard techniques most com- 
monly used to tag and track marine mammals, including a 
description of the different types of tags currently available 
(e.g., natural vs. physical, passive vs. active, archiving vs. 
transmitting, etc.), the integral components of tracking sys- 
tems needed for the collection, transmission, and receipt of 
various forms of data, and attachment procedures. The basic 
utility, functionality, and concepts of some of these things 
along with some general “rules of thumb” remain similar, 
whereas other tags, tracking systems, and attachment pro- 
cedures have been developed or improved substantially and 
will be discussed below. We also encourage readers to refer to 
several comprehensive reviews and guides on marine mam- 
mal tagging detailing the pioneering work (Kooyman 2004), 
application (Mellor, Beausoleil, and Stafford 2004; Geraci and 
Lounsbury 2005; Loughlin et al. 2010), advancement (Ropert- 
Coudert and Wilson 2005; McConnell et al. 2010; Hazen et 
al. 2012; Evans, Lea, and Patterson 2013; Hussey et al. 2015), 
limitations (Cooke et al. 2004), and misuse (Hebblewhite and 
Haydon 2010) of the methodologies discussed below. 


Tracking Methodologies: 
A Brief Overview 


Long-term observations coupled with follow-up health assess- 
ments remain the “gold standard” for post-release monitoring 
(Wells et al. 2013a), but this ideal is not always due to logistics 
associated with animal species, behavior, and physiology (e.g., 
molting phase), budget constraints, research effort, environ- 
mental conditions, and animal welfare. These long-term logis- 
tics have to be considered relative to the specific objectives 


and overarching goals of a monitoring plan, the condition of 
the animal (release category), and the ability to restrain the ani- 
mal. Post-release monitoring or “tracking” methodologies range 
from looking for simple markings to using sophisticated instru- 
ments employing some form of telemetry, collectively referred 
to as ‘tags. Telemetry is the science of measuring and transmit- 
ting data from a source (e.g., tag on an animal) to a receiving 
device using ultrasonic or radio signals ranging from low (kHz) 
to ultra high (MHz) frequencies. The term “biotelemetry” refers 
to the remote measurement of behavioral, physiological, ener- 
getic, and in situ environmental data using telemetry (Cooke 
et al. 2004; Klimley 2013). 

Since the millennium, the memory capacity and resolu- 
tion of tag sensors have improved considerably. Multisensor 
tags now collect a combination of data types allowing the 
simultaneous measurement of behaviors along with the physi- 
cal and biological properties of the marine ecosystem. These 
include conductivity, temperature, light, salinity (CTD; Hooker 
and Boyd 2003; Charrassin et al. 2008; Boehme et al. 2009), 
fluorescence (Guinet et al. 2013; Lander et al. 2015), and dis- 
solved oxygen (O,; Bailleul, Vacquie-Garcia, and Guinet. 2015). 
Conductivity sensors are used to determine when a tag is wet 
or dry, information that can be used to detect when an animal 
surfaces or hauls out on shore. Depth sensors (pressure trans- 
ducers) are used to indirectly infer foraging behaviors (e.g., 
dive depth, shape, bottom time, etc.), whereas stomach tem- 
perature telemetry has been used to measure prey consump- 
tion (Kuhn et al. 2009). The estimation of swim speed, which 
traditionally was measured using impellers or paddle wheels, 
has improved with the recent miniaturization of gyroscopes 
(Ware et al. 2016). Likewise, sophisticated bi- and tri-axial 
accelerometers are used to measure acceleration and infer feed- 
ing behavior, energetics, and other fine-scale behaviors (e.g., 
head strikes, prey capture, stroke amplitude, frequency of flip- 
per movements, body angle, lunge events, vocalizations, etc.) 
based on the surge (anterior—posterior axis; forward and back- 
ward movements), sway (lateral axis; side-to-side movements), 
and heave (ventral axis; up and down movements) of body 
motion and postures (Sato et al. 2003; Williams et al. 2004; 
Naito et al. 2010; Brown et al. 2013). Depth, estimated speed, 
and body orientation collected by these sensors coupled with 
compass heading (via magnetometer) can be used to deduce 
animal movement based on the concepts of dead reckoning 
(Wilson, Shepard, and Liebsch 2008). Although other sensors 
are used more commonly to estimate large-scale movements 
of marine mammals (discussed below), these new gyroscope- 
based methodologies help characterize long periods underwa- 
ter and have proven to be advantageous for animals that do not 
surface often. However, there is a fair amount of uncertainty 
in the positions acquired, which may be affected by animal 
swim speed, buoyancy, and hydrodynamic lift forces result- 
ing from body appendages and ocean currents (Wensveen, 
Thomas, and Miller 2015). Video and image loggers (including 
CRITTERCAM®), which were developed to gain insight into the 
elusive nature of marine mammals beneath the ocean’s surface, 


Tagging and Tracking 769 


have now become useful tools for validating behaviors inferred 
from tag sensors (Sato and Naito 2002; Dietz et al. 2007; Heaslip 
and Hooker 2008; Naito et al. 2013; Volpov et al. 2015). In addi- 
tion to the number of new onboard sensors, the evolution of 
these systems has included reduced size, increased recording 
time, and improvements in recording media and data com- 
pression (Marshall et al. 2007). A review of the applications, 
advantages, and disadvantages of animal-borne video and 
environmental collection systems (AVEDs) can be found in 
Moll et al. (2007). 

Light-based geolocation, a process by which positions 
beneath the sea surface can be estimated, has also been used to 
assess large-scale movements of marine mammals that do not 
surface frequently. Geolocation is useful for marine mammals 
because it is relatively inexpensive and power consumption is 
minimal. For this procedure, longitude is estimated from the 
time of local noon or midnight and latitude is estimated from 
day length (Hill 1994). Overall, longitude estimates generally 
are more precise than latitude estimates, which typically have 
error estimates ranging from 1 to 5 degrees (Beck, McMillan, and 
Bowen 2002; Winship et al. 2012). Algorithms and other mod- 
eling approaches have been used to integrate light levels with 
sea surface temperature and bathymetry to improve light-based 
geolocation data for tagged marine mammals, but their precision 
remains compromised as a result of variations in diving activity 
and cloud cover (Beck, McMillan, and Bowen 2002; Tremblay, 
Robinson, and Costa 2009). In contrast, tracking with the global 
positioning system (GPS) provides exceptional location precision, 
but can be quite costly. GPS telemetry has become a mainstream 
technique for monitoring animal movement (Moorcroft 2012) 
and the advent of Fastloc® technology (Wildtrack Telemetry 
Systems, Ltd., Leeds, UK) has been a significant breakthrough 
for marine mammal research (Dujon, Lindstrom, and Hays 2014). 
Fastloc-GPS receivers incorporated into tagware are designed to 
acquire GPS constellation signals within a fraction of a second, 
thus circumventing the challenges associated with conventional 
GPS receivers in the marine environment (i.e., submersion or 
brief surface intervals, wave wash, and poor antenna orientation; 
Dujon, Lindstrom, and Hays 2014). This technology is used to 
calculate animal locations to an accuracy of < 70 m (of true loca- 
tions) when more than six satellites are tracked by the receiver 
(Dujon, Lindstrom, and Hays 2014). However, the precision of 
Fastloc-GPS loggers may be affected by the number of detected 
GPS satellite signals, individual receiver sensitivity, tag settings 
(e.g., attempted sampling interval), position of tag on the animal, 
and atmospheric effects (i.e., pressure, humidity, and ionospheric 
delay; Dujon, Lindstrom, and Hays 2014; Wensveen, Thomas, 
and Miller 2015). Like other sensor data, GPS data can be col- 
lected, archived, and downloaded upon instrument retrieval, 
or archived data can be transmitted in real time or on a time- 
delayed basis to receiving devices (e.g., readers, static acoustic 
detectors, radio receivers, low Earth orbit [LEO] satellites, geo- 
stationary [GEO] satellites, or the international Global System 
for Mobile [GSM] communications). Depending on the type 
of telemetry used during the transmission process, additional 


location data may also be obtained using a navigation technique 
(e.g., triangulation, trilateration, multilateration, etc.) to estimate 
an animal’s position (or “fix”) in space. 

Not all biologging instruments have transmitting abilities 
(i.e., self-contained archival devices), and these need to be 
recovered in order to retrieve the data. These tags are advan- 
tageous because continuous time series of precise sensor data 
can be collected and the tag can be reused. Hence, these tags 
are optimal for species that exhibit high site fidelity or return 
to predictable locations for capture. For example, northern 
elephant seals (Wirounga angustirostris) have a 90% instru- 
ment recovery rate (Block et al. 2003). Fur seals Sterling pers. 
comm.) and sea otters tend to be ideal candidates as well 
(Murray, unpubl. data). Nevertheless, post-release behaviors 
of released rehabilitated marine mammals may not be predict- 
able and archival instruments should be deployed with cau- 
tion. If animals cannot be recaptured, a variety of techniques 
have been used to retrieve archival instruments, including 
attachment with corrodible bolts and pins, air gun activated 
release, and external electronic release mechanisms that use 
radio signals to activate cutting devices (Watanabe et al. 2004; 
Eguchi and Harvey 2005; Miller, Liebsch, and Wilson 2005; 
Dietz et al. 2007; Lay, pers. comm.). Archival tags can also 
be encased in buoyant flotation (keeping in mind the drag 
of the device on the animal) with a radio tag for relocation 
and “reward” labels affixed in case they are not found by the 
research team. With a few exceptions, pop-up tags are not 
commonly used with marine mammals, but they do include 
timed or pressure induced release mechanisms allowing them 
to pop off, float to the surface, and transmit data using some 
form of telemetry. 

The performance of different telemetry systems depends on 
the medium in which they are used. Acoustic telemetry typi- 
cally is used in marine, brackish, and deeper freshwater environ- 
ments because sound waves are less attenuated in water (Cooke 
et al. 2013). However, the limited range of acoustic telemetry 
dess than a few kilometers) precludes its use for most marine 
mammal studies. There are also potential complications if the 
acoustic signal is within the hearing range of the tagged animal 
or potential predators. Nonetheless, acoustic tags or tags with 
dual modes (e.g., acoustic and VHF combined) can be useful in 
certain circumstances, such as when deployed in rivers, estuar- 
ies, or areas with acoustic receiver arrays (Wright et al. 2007; Zeh 
et al. 2015). In contrast, very high frequency (VHF) and ultra 
high frequency (UHF) radio signals are greatly attenuated in salt- 
water so radio telemetry can be used with animals that spend 
time at the surface, in shallow freshwater, or on land. Lander et 
al. 2001) provide a more detailed description of conventional 
VHF radio telemetry, which involves the use of pulsed signals 
(“beeps”) from a transmitting unit composed of a crystal oscil- 
lator and circuit board, reed switch, power supply Ge., battery 
or solar cell), and an omnidirectional antenna (e.g., whipped or 
coiled antenna, depending on the tag). These radio tags provide 
a variety of unique frequencies and pulse rates for the identi- 
fication of individuals. Some VHF tags are also equipped with 
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a switch that can vary pulse rates based on activity or physical 
sensors, which are calibrated to specific behaviors or surround- 
ings (e.g., temperature). These signals can either be logged by 
receiving systems (receiver coupled with a directional antenna 
or antenna array) or used to manually track an animal with tri- 
angulation techniques, or by simply homing in on the signal as 
the amplitude changes. 

In recent years, pulse-coded, or digitally encoded, tagging 
systems have become popular because VHF frequency availabil- 
ity has decreased with frequency spectrum congestion (Allen, 
unpublished manuscript). Pulse-coded tags contain a micropro- 
cessor that controls pulse rates and widths to transmit a unique 
numerical code, which is decoded by a digital receiving system. 
These tags are advantageous because signals are not likely to be 
mistaken as noise and many tags can be monitored at the same 
time on a single frequency, making them ideal for presence/ 
absence studies. Unfortunately, the battery life of pulse-coded 
tags is shorter than that of standard VHF transmitters because 
a greater number of pulses are being transmitted to generate a 
specific, repetitive pattern. This method of encoding tags also 
prevents the interchangeable use of equipment from differ- 
ent manufacturers, which may lead to additional costs (Allen, 
unpublished manuscript). Overall, the use of VHF telemetry is 
still relatively inexpensive and useful for low budget projects, 
localized species with a limited geographical range, when visual 
observations or contact with an animal is necessary, or finding 
tags that have detached from an animal. 

Satellite-linked transmitters remain the method of choice 
for tracking remote, pelagic, or migratory species, especially 
now that the sizes of tags have substantially decreased with 
the development of large-scale integrated circuits that have 
replaced discrete electronic components (Klimley 2013). 
Satellite transmitters, which can range from simple platform 
transmitter terminals (PTTs) to multisensor data-logging 
instruments equipped with a transmitter, emit powerful UHF 
radio signals (401.650 MHz + 30 kHz) to the Argos system. 
Wildlife monitoring is only one component of the Argos 
system. The Argos website (http://www.argos-system.org) 
contains information regarding the services they provide, 
instructions for initiating a program, and specific details, 
diagrams/schematics, and videos on how the system works. 
In summary, Argos is a French-American global satellite sys- 
tem composed of polar orbiting satellites ~850 km above 
the earth and a network of ground stations that relay near 
real-time global data (e.g., satellite-based Doppler positions 
based on tag transmissions and any additional archived data) 
from the satellites to processing centers managed by Collecte 
Localisation Satellite (CLS) in France and the United States. 
Users can then either obtain their data from these centers on 
media products or access their data using different Internet 
services (ArgosWeb, Argos server, ftp, or e-mail), an Android 
application, or the Global Telecommunication System (GTS). 
An updated ArgosWeb interface includes improved data 
access, some new mapping tools, and a satellite pass predic- 
tion feature. 


Over the past two decades, additional international space 
agencies have joined the Argos system, additional satellites and 
receiving stations have been deployed around the world, and 
the sensitivity of onboard receivers has been improved so that 
more daily locations are calculated for each transmitter (Hays 
et al. 2007). Furthermore, a multiple model Kalman filter is now 
used to calculate smoothed Argos Doppler positions with cor- 
responding error ellipses, replacing a classical nonlinear least 
squares estimation technique used to estimate positions prior to 
March 2011. Users can still obtain either or both types of data, 
which include an estimate of accuracy (i.e., location quality; LQ) 
for each position ranging from < 250 to > 1500 m if at least 
four messages are received during a single satellite pass (Argos 
2016). Factors that affect the quality of location estimates include 
animal movement and speed, latitude, antenna placement, num- 
ber of satellites in the sky, overpass elevation, oscillator stability, 
ionospheric propagation, transmitter power, number of uplink 
messages received, and the number of Doppler measurements 
obtained during each satellite overpass (Christin, St-Laurent, and 
Berteaux 2015; Argos 2016). Lopez et al. (2014) used GPS data to 
ground truth Argos positions based on the least squares method 
and Kalman filter and found the Kalman filter improved the pre- 
cision and amount of positions received while providing fewer 
mirror positions, but the actual positioning error was still under- 
estimated (Boyd and Brightsmith 2013). Because lower-quality 
locations or locations without an error estimate tend to comprise 
the majority of marine mammal data sets (Vincent et al. 2002b; 
Costa et al. 2010), speed filters (McConnell, Chambers, and Fedak 
1992; Austin, McMillan, and Bowen. 2003; Freitas et al. 2008; 
Douglas et al. 2012) and smoothing algorithms (Thompson, 
Moss, and Lovell 2003) have been expanded or developed to 
either detect implausible locations or improve the precision of 
track data. 

Bandwidth restrictions imposed by Service Argos have 
not changed over the years and no more than 256 bits of 
information can be transmitted with each message. For this 
reason, summary information for sensor data was originally 
encoded into histogram messages containing counts of dives 
for a user-specified range of depth, time, or temperature over 
a given period of time (Merrick et al. 1994). Users have more 
options today, however, as alternative means of data compres- 
sion and transmission have been devised. Onboard interpola- 
tion and iterative techniques, including piecewise regression 
(e.g., broken-stick models or other change-point models), are 
used to identify points of abrupt change in time series data 
and allow for the reconstruction of two-dimensional dive tra- 
jectories and sensor profiles (Fedak et al. 2002; Myers, Lovell, 
and Hays 2006; Photopoulou et al. 2015). Satellite tags employ- 
ing these algorithms are generally configured to store data in 
a buffer before transmitting a random sample of detailed indi- 
vidual time-depth records (Fedak et al. 2002). Often the entire 
data record can be obtained if the tag is recovered. 

Data transmission using other LEO satellites, including 
the Iridium satellite constellation, the Globalstar satellite sys- 
tem, and the Orbcomm System, has been proposed for marine 
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mammals (Lydersen et al. 2004; Myers, Lovell, and Hays 2006; 
Boehme et al. 2009), but their applications in marine mam- 
mal tagging operations have been fairly limited in scope. The 
Globalstar satellite system is expensive and coverage is limited, 
but the Iridium satellite constellation shows promise because 
bidirectional global coverage is available (Fuller and Fuller 2012). 
Similarly, the International Cooperation for Animal Research 
Using Space (ICARUS) Initiative will offer global tracking (Rutz 
and Hays 2009), but it relies on highly scheduled transmis- 
sions, which may be difficult to achieve with marine mammals 
that are frequently underwater. Geostationary satellite-based 
services, namely the Geostationary Operational Environmental 
Satellite (GEOS) Data Collection System (NOAA) in the United 
States, also provide an additional option for data transmission 
in remote locations (Blundell et al. 2014), but they require far 
more transmission power to reach the more distant geostation- 
ary satellite constellations. 

Relative to Service Argos, the international GSM cellu- 
lar phone network is cheaper, capable of transmitting more 
data due to greater bandwidth, and present in some parts 
of the world with limited Argos reception (McConnell et al. 
2004). To take advantage of this system, the Sea Mammal 
Research Unit (SMRU; Table 32.1) was the first to devise 
a GPS Phone tag (or GSM tag). This tag is equipped with a 
dual-frequency GSM modem controlled by a microcontroller, 
a fully encapsulated dual-band planar inverted-F antenna 
(Winkle et al. 2003), a power source, and a wet/dry sensor 
to prevent attempted registration when the tag is beneath 
the sea surface. When animals are in areas of coverage near 
shore (maximum theoretical range is 20 to 35 km from the 
nearest GSM base station), the tag transfers archived data 
stored in memory using GSM data relay, which is available in 
more than 220 countries. The General Packet Radio Service 
(GPRS) can be employed to transfer larger data sets con- 
taining location data (stored Fastloc® GPS locations or GSM 
radio cell ID), diagnostic information, and other archived 
data, whereas short text messages with limited data stored 
on a Vodafone SIM card can be transferred via GSM short 
message service (SMS; McConnell et al. 2004; Tomkiewicz et 
al. 2010). Because the GSM acknowledges successful receipt 
of data (data handshaking”), duplicate data are avoided 
and battery energy is saved (Cronin and McConnell 2008). 
On the negative side, GSM registration requires direct line- 
of-sight to a Base Transceiver Station (BST) within 35 km. 
Additionally, initial registration from a cold start requires 10 
to 20 s, which can be problematic for quick surfacing spe- 
cies. Furthermore, data latency can range from near real time 
to months (McConnell et al. 2010) and coverage can be poor 
or unavailable in some areas. Despite these caveats, GSM 
tags have been useful for obtaining mark-recapture data and 
coastal movement patterns (McConnell et al. 2004), charac- 
terizing foraging trips (Sharples et al. 2012), and modeling 
population-level activity budgets (McClintock et al. 2013). 

In comparison to the “active” telemetry systems described 
above, passive integrated transponder (PIT) or “microchip” 


telemetry has a limited reception range (usually < 1 m), but can 
be useful for identifying live or dead stranded animals in the 
event of other external tag loss. In some cases, PIT telemetry 
has been used for research purposes in the field with species 
that are easily recaptured or those that consistently follow 
regular pathways (Baker and Thompson 2007; Hoffman and 
Forcada 2012). PIT tags are small ~12 mm x 2 mm; equivalent 
to the size of a grain of rice), glass-encapsulated microchips 
with a unique alphanumeric code or barcode for animal iden- 
tification on a global scale (Gibbons and Andrews 2004). PIT 
tags typically are injected subcutaneously with some type of 
delivery system (e.g., implanter gun or syringe/needle combi- 
nation with a plunger extension that forces the PIT tag from 
its location within the bore of the needle) or surgically placed 
subdermally into muscle or the body cavity, depending on 
the species and tagging environment. Standard PIT tags do 
not contain a battery, yet they have a long life span because 
they are “passive” until activated by an electromagnetic field 
generated by a handheld scanner (reader) or fixed mounted 
antenna system of the same frequency (Thomas et al. 1987). 

PIT tags are advantageous because they are relatively 
inexpensive, small, durable, reliable, and permanent, cause 
minimal chance of infection, have little impact on animals, 
and can be retrieved and reused (Thomas et al. 1987; Gibbons 
and Andrews 2004). Additionally, the glass casing that pro- 
tects the electronic components is typically biocompatible, 
nontoxic, and thought to prevent tissue irritation (Gibbons 
and Andrews 2004); however, there have been reports of 
aberrant PIT tag migration and association with localized 
injuries or tumor growth in domestic animals (Vascellari et 
al. 2004; Daly et al. 2008; Hicks and Bagley 2008). Tag ori- 
entation, electromagnetic noise, barriers G.e., metal), reader 
power, and tag size (the bigger the better) may all affect the 
read range (i.e., distance from which a tag can be read), which 
is ~90 to 530 mm (Biomark, Table 32.1; InfoPet Identification 
Systems®, Burnsville, MN, USA; Trovan, Ltd., worldwide dis- 
tributors). All PIT tags should be tested by passing a reader 
over the tag prior to and after insertion. 

To summarize, a variety of shapes and sizes, sensors, 
configurations, and data relay options are available for 
marine mammal tags; thus, performance measures need to 
be assessed and pros and cons weighed before choosing 
any one instrument. Some tags are configured by manufac- 
turers to suit specific data needs, but many tags and their 
corresponding communication programs have become user- 
friendly, permitting researchers to configure their own tags. 
If the researcher is unsure about specific applications, tag 
manufacturers (e.g., Table 32.1) can provide insight, exper- 
tise, and technical support; and an assortment of blogs, 
white papers, and manuals can be found on their websites. 
Consultation with experienced colleagues is always helpful 
and highly recommended. The animal telemetry community 
is internationally connected and both regional and global 
telemetry programs have emerged over the years (Moustahfid 
et al. 2014; Block et al. 2016). Additionally, an International 
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Table 32.1 Company Name, Contact Information, and a General List of Products for Some Tag Manufacturers Commonly Used 


by Marine Mammal Researchers 


Company and Address 


Advanced Telemetry Systems, Inc. 


470 First Ave North 
P.O. Box 398 
Isanti, MN 55040 
USA 


Biomark 

705 S. 8th St. 
Boise, ID 83702 
USA 


Biotrack Ltd.° 

The Old Courts 
Worgret Rd. 
Wareham, BH20 4PL 
United Kingdom 


Holohil Systems Ltd. 

112 John Cavanaugh Rd. 
Carp Ontario KOA 1LO 
Canada 


Little Leonardo Corp. 
Asahishoten Bldg. 3F, 4-4 
Honkomagome 1-chrome 
Bunkyo-Ku 

Tokyo 113-0021 

Japan 


Lotek Wireless Inc.° 
472A Logy Bay Rd. 

St. John’s, Newfoundland 
A1A 5C6 

Canada 


Sea Mammal Research Unit 


Gatty Marine Laboratory 
University of St. Andrews 
Fife, KY16 8LB 

United Kingdom 


Sirtrack, Ltd.° 

8A Goddards Ln. 
Havelock North 4130 
New Zealand 


Contact Information 
TEL: 763-444-9267 
FAX: 763-444-9384 
WEB: hitp://www.atstrack.com 
E-MAIL: Contact @ ATStrack.com 


TEL: 208-275-0011 

FAX: 208-275-0031 

WEB: http://www.biomark.com 

E-MAIL: customerservice @ biomark.com 


TEL: +44 (1929) 552 992 

FAX: +44 (1929) 554948 

WEB: http://www. biotrack.co.uk 
E-MAIL: www.biotrack.co.uk 


TEL: 613-839-0676 

FAX: 613-839-0675 

WEB: http://www.holohil.com 
E-MAIL: info @ holohil.com 


TEL: +81 3 (3946) 2410 
FAX: +81 3 (5395) 1676 
WEB: hitp://i-leo.com 

E-MAIL: info @I-leo.com 


TEL: 709-726-3899 

FAX: 709-726-5324 

WEB: http://www.lotek.com 

E-MAIL: marine.telemetry @ lotek.com 


TEL: +44 1334 462659 
FAX: +44 1334 463443 
WEB: hitp://www.smru.st-andrews.ac.uk 


E-MAIL: smru.instrumentation @ st-andrews.ac.uk 


TEL: +64 6 877 7736 
FAX: +64 6 877 5422 
WEB: http://www.sirtrack.co.nz 
E-MAIL: sirtrack @ sirtrack.com 


Products 
VHF and Acoustic Transmitters? 
Receiving Equipment? 
Accessories 


PIT Tags 
Receiving Equipment 
Implanters 


VHF, UHF, and Acoustic Transmitters? 
Archival Instruments 

Receiving Equipment@ 

Accessories 


VHF Transmitters 


Archival Instruments 
Video Loggers 
Release mechanism 


VHF, UHF, and Acoustic Transmitters? 
Archival Instruments 

Receiving Equipment 

Accessories 


UHF Transmitters 
GSM Tag? 
Visualization Software 


VHF, UHF, and Acoustic Transmitters? 
Archival Instruments 
Receiving Equipment? 


(Continued) 
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Table 32.1 (Continued) Company Name, Contact Information, and a General List of Products for Some Tag Manufacturers Commonly 


Used by Marine Mammal Researchers 


Company and Address 


TEL: 520-746-3322 
FAX: 520-294-2040 


Sonotronics, Inc. 
3169 S. Chrysler Ave. 
Tucson, AZ 85713 
USA 


TEL: 480-892-4444 
FAX: 480-892-9139 


Telonics, Inc. 

932 E. Impala Ave. 
Mesa, AZ 85204 
USA E-MAIL: info @ telonics.com 
TEL: 850-864-1857 

FAX: 850-863-3980 


Trac-Pac, Inc. 

251 Racetrack Rd. NE 

Fort Walton Beach, FL 32547 
USA 


Trovan, Ltd.1 
Germany 


FAX: +49 (0) 221-2711059 
WEB: http://www.trovan.com 
E-MAIL: inform @trovan.com 


TEL: 425-881-3048 
FAX: 425-881-3405 


Wildlife Computers Inc.1 
8310 154th Ave. NE, Suite 150 
Redmond, WA 98052 


USA E-MAIL: tags @wctags.com 


Contact Information 


WEB: http://www.telonics.com/index.php 


WEB: hitp://www.wildlifecomputers.com 


Products 


VHF and Acoustic Transmitters® 
Receiving Equipment (including Hydrophones) 


WEB: hitp://www.sonotronics.com 
E-MAIL: sales @ sonotronics.com 


VHF and UHF Transmitters® 
Receiving Equipment? 
Accessories 


Trac-Pacs 
VHF, UHF, Acoustic Housings 


PIT Tags 
Receiving Equipment 
Implanters 


UHF Transmitters® 
Archival Instruments 
Release Mechanism 
Accessories 


Note: Additional agents and distributors for some companies can be found on individual webpages. 
a This category includes data receivers/readers, data loggers, antennas, and in some cases power supply. 
> Transmitters have sensor archiving abilities (including GPS in some cases). 


© Partner companies. 


1 See website to obtain additional contact information for international clients. 


Bio-logging Society was established during 2016 Chttp:// 
www.bio-logging.net/SOCIETY/) and an open-access, peer- 
reviewed journal (Animal Biotelemetry, BioMed Central Ltd., 
©2016 Springer Nature) is dedicated to publishing telemetry 
and biologging studies. 

Attachment procedures (discussed below for different 
taxa), energy consumption, power output, and operational 
life should be considered when choosing a tag. Attachment 
challenges aside, energy supply continues to be one of the 
primary limitations to tag longevity. Although data compres- 
sion and transmission control (including duty-cycling) have 
been refined to extend battery life, tag users should keep 
in mind that duty cycling increases the uncertainty about 
missed periods of the day (Lonergan, Fedak, and McConnell 
2009) and tag detachment may limit the realized tag duration 
(Breed et al. 2011). The same holds true for solar-powered 
tags, which are charged when the animal surfaces or hauls 
out in the sunlight (McConnell et al. 2010). 


Lastly, animal welfare, experimental design, and data anal- 
ysis and interpretation must all be taken into account before 
conducting a post-release monitoring study (see Chapter 5). 
Tags should always be deployed in the “least invasive practi- 
cal manner” to ensure that negligible effects are experienced 
by the individual (Gales et al. 2009). Thorough guidelines 
have been published by the Society for Marine Mammalogy 
(Gales et al. 2009) and, to some extent, the American Society 
of Mammalogists (Sikes et al. 2011), to serve as resources for 
Animal Ethics Committees, institutional animal care and use 
committees (ACUC), regulatory agencies, and other inves- 
tigators interested in tagging animals. Walker et al. (2012) 
also provide a comprehensive review of the effects of various 
marking techniques on marine mammals, which was based 
on 39 peer-reviewed papers published over the past 30 years. 
Overall, things to consider before tagging an animal include 
type, location, and duration of tag attachment, tag ergonom- 
ics, mass of tag relative to body size, energetic cost induced 
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by drag, increased agonistic behavior by conspecifics or pred- 
ators, and impairment of behaviors, foraging efficiency, and 
camouflage (McMahon et al. 2008; Gales et al. 2009; Sikes et 
al. 2011, Walker et al. 2012). Potential wound infliction, site 
preparation, pain management, and handling procedures for 
tag attachment should also be well thought out. 

The ongoing advancement of tag technology has resulted 
in the generation of vast, high-resolution datasets, and quan- 
titative analyses are continuously evolving. Several reviews 
summarize a variety of statistical approaches that have been 
applied to telemetry data, including resource selection analy- 
ses, density estimation analyses, fractal analyses, first-passage 
time analysis, various random walks and other diffusion pro- 
cesses, state space models, and hierarchical Bayesian models 
(Millspaugh and Marzluff 2001; Schick et al. 2008; Smouse 
et al. 2010; Moorcroft 2012; Hooten et al. 2017; Patterson et 
al. 2017). These analyses are becoming widely applied to 
telemetry data sets, rendering the need for appropriate ques- 
tions (Hays et al. 2016), data quality control (Moustahfid et al. 
2014), and cautious data interpretation (Jonsen et al. 2013). 
The Society for Marine Mammalogy’s webpage is also a use- 
ful resource for some free software tools (e.g., open-source 
GIS packages, toolboxes for ArcGIS® [Esri, Redlands, CA, 
USA], and other statistical packages, including Program R) 
commonly used for telemetry data. Furthermore, many other 
ArcGIS® toolboxes and extensions are also freely available 
(e.g., Marine Geospatial Ecology Tools® [Roberts et al. 2010]; 
ArcMET [Wall 2014]; Home Range Tools [Rodgers et al. 2015], 
etc.) and the Comprehensive R Archive Network (CRAN; 
https://cran.r-project.org/web/packages/) is constantly being 
updated with packages for telemetry analyses (e.g., adehabitat, 
animalTrack, argosfilter, bsam, crawl, ctmcmove, diveMove, 
momentuHMM, move, moveHMM, movementAnalysis, spatia- 
lEco, and trip, just to name a few). The Geospatial Modelling 
Environment® (GME; Spatial Ecology LLC) is also a powerful 
platform and additional marine GIS tools can be found at 
http://marinecoastalgis.net/ (accessed April 19, 2017). Lastly, 
a whole suite of websites, data portals, and forums are dedi- 
cated to tracking marine mammals and many collaborative 
e-infrastructures have been established by private, academic, 
and government agencies to archive, visualize, explore, ana- 
lyze, and share data (see Campbell et al. 2016 for a list). Many 
of these e-infrastructures offer free web-based tools for pro- 
cessing telemetry data while allowing users to maintain own- 
ership and control of their data. Other sites are useful for 
disseminating and displaying data, which can facilitate public 
awareness on the fate of released animals. 


Pinnipeds 


Unlike the rapid development of electronic tags, the develop- 
ment of identification tags has not changed substantially over 
the past couple of decades (Gales et al. 2009). Plastic and metal 
cattle or sheep ear tags are still commonly used to flipper-tag 


pinnipeds for individual identification (Allflex® plastic tags: 
Allflex NZ Ltd., Palmerston North, New Zealand; Rototags® 
and Jumbotags®: Daltons Animal Identification Systems Ltd., 
Henley-on-Thames, Oxford, UK; DUFLEX®: Destron Fearing, 
Dallas, TX, USA; Temple Tags®: Temple Original, Temple Tag 
Co., Little River, TX, USA; Monel metal: National Band and 
Tag Company, Newport, KY, USA). These tags have numbers, 
letters, and personal information (e.g., phone number and/or 
address) laser-printed, embossed, stamped, or engraved on 
them, and plastic tags are color-coded. Number series and/or 
colors often indicate the organization responsible for deploy- 
ing the tags, and tag placement on the flipper can also provide 
information during some circumstances. For example, pinni- 
peds released from rehabilitation centers in California (USA) 
are tagged with an orange tag in either the right (female) or 
left (male) flipper to denote sex of the individual. Flipper tags 
are applied using applicators provided by tag manufacturers; 
phocids are tagged in the interdigital webbing of the rear 
flippers, whereas otariids typically are tagged in the fore flip- 
pers after cleaning them with antiseptic (e.g., alcohol, diluted 
chlorhexidine solution, etc.). Prior to using tag applicators, a 
sterile leather punch can be used to punch holes at the tag- 
ging site on the flippers of larger animals and sometimes it 
is necessary to create holes in the flippers for specific tags, 
including VHF and satellite flipper tags. 

Flipper tags are relatively inexpensive and useful for 
identifying individuals in a captive setting, but can be inade- 
quate for long-term monitoring in the field due to obscured or 
obstructed visibility (e.g., small or faded numbers, sediment 
or landscape, folded flippers, and other animals) and tag loss, 
which may be affected by sex, age, mass, flipper thickness, 
flipper tag location Cleft vs. right or digit number), tag type 
(swivel vs. fixed or tag brand), terrain of capture site, and spe- 
cies (Bradshaw, Barker, and Davis 2000; McMahon and White 
2009; Oosthuizen et al. 2009; Chilvers and MacKenzie 2010). 
For example, long-term retention rates of Allflex tags appear 
to be better than Dalton Rototags for free-ranging California 
sea lions (Zalophus californianus, Orr, pers. comm.). Testa, 
Ream, and Gelatt (2016) also found tag loss for northern 
fur seals (Callorhinus ursinus) varied by tag type (Dalton 
Superflexitag® loss > Monel metal tags > Allflex sheep tags), 
tag age (first year > later years), and age class (pups > adults). 
Furthermore, Dalton tags often were unreadable after 5 years. 
Retention rates and effectiveness of different types of flipper 
tags for older studies are provided in Lander et al. (2001) and 
additional characteristics of tags used for pinnipeds are sum- 
marized in Loughlin et al. (2010). 

Double-tagging is a common approach for reducing the 
effects of flipper tag loss in pinnipeds, but studies indicate 
tag loss may not be independent (McMahon and White 2009; 
Chilvers and MacKenzie 2010; Schwarz et al. 2012); thus, other 
marks or tags can be used to monitor individuals. For exam- 
ple, hot brands provide better resighting information than 
flipper tags because they are permanent and easier to read 
from a distance. This is especially true for animals tagged as 
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pups or juveniles as their brands also become enlarged during 
growth. Animals branded as pups also provide known-age 
information for important life history parameters. However, 
hot branding is generally not practiced in rehabilitation cen- 
ters due to increased public concern and controversy because 
it presumably causes stress and discomfort associated with 
tissue damage (Beausoleil and Mellor 2007). To brand an 
animal, heated steel irons are applied to the pelage to kill 
hair follicles and pigment-producing cells for a permanently 
bald brand while burning the dermal layers in the process 
(Merrick, Loughlin, and Calkins 1996). Specific details of the 
branding process, including equipment needs and instruc- 
tions for application, are summarized in Loughlin et al. (2010). 
Other articles provide information regarding post-branding 
survival (McMahon et al. 2006; Hastings, Gelatt, and King 
2009; Wilkinson et al. 2011) and the physiological (Mellish, 
Thomton, and Horning 2007), healing (van den Hoff et 
al. 2004; Daoust, Fowler, and Stobo 2006), and behavioral 
(Walker, Mellish, and Weary 2010) responses to branding. 

Freeze branding involves marking the skin of animals 
with cold branding irons G.e., cooled via liquid nitrogen [LN,] 
or other liquid coolants), resulting in unpigmented or bald 
brands. Freeze branding generally damages the pigment- 
producing melanocytes, allowing for regenerative growth 
of nonpigmented hair if contact with the branding iron is 
minimal (Daoust, Fowler, and Stobo 2006). However, longer 
contact with the branding iron can also result in a permanent 
bald brand (Merrick, Loughlin, and Calkins 1996). Although 
believed to be less painful and quick healing (Walker, Mellish, 
and Weary 2010), freeze branding has some limitations. For 
example, it is difficult to distinguish unpigmented hair against 
a light pelage, and freeze brands may disappear over time 
and with molting. McMahon et al. (2006) found that freeze 
branding was not an effective means of marking southern 
elephant seals (Mirounga leonina) because all brands were 
lost after a year. Similarly, dye marks, paints, and hair clip- 
pings only provide temporary marks. 

A combination of different marks or tags may allow for 
better identification of individuals in the field (Chilvers and 
MacKenzie 2010). PIT tags coupled with other tags or marks 
have been used to estimate flipper tag loss (Hoffman and 
Forcada 2012), while serving as a secondary means of per- 
manent individual identification (Baker and Thompson 2007). 
These tags have been inserted subcutaneously in the ankle or 
posterior dorsum of Hawaiian monk seals Wonachus schauin- 
slandi; Johanos and Baker 2005), in the rump of Australian 
sea lions (Neophoca cinerea; McIntosh, Shaughnessy, and 
Goldsworthy 2006), in the lumbar hip of harbor seals (Phoca 
vitulina; Manugian 2013), and above the shoulder blades in 
Galapagos sea lions (Zalophus wollebaeki, Meise et al. 2014). 
PIT tags are rarely lost (Chilvers and MacKenzie 2010), appear 
to have little or no adverse effects on individuals (Meise et 
al. 2014), and are particularly useful with sedentary, nonskit- 
tish, site-specific, or confined species (Baker and Thompson 
2007). For example, Hoffman and Forcada (2012) examined 


natal philopatry of a small colony of female Antarctic fur 
seals (Arctocephalus gazella) in a small area where individu- 
als were scanned with a PIT tag reader attached to a long 
telescopic pole from an elevated walkway. PIT tags have also 
been used to identify dead and recaptured animals (Hoffman 
and Forcada 2012). 

Other telemetry systems are more appropriate for moni- 
toring the movements and behaviors of individuals at sea. 
Conventional VHF radio transmitters and miniature satel- 
lite transmitters have been attached to Temple Tags, which 
are then attached to the flipper (Kelly 2009). More recently, 
flipper mounted satellite transmitters have become a viable 
tool for collecting data through the molting season, so as to 
establish correction factors for ice-associated seals (London, 
pers. comm.). These transmitters are custom made with two 
components (i.e., main tag casing with an external antenna 
and two threaded hollow posts and a bottom plate with two 
screws) encased in polyurethane (Wildlife Computers Inc., 
Table 32.1; Figure 32.1). Two biopsy punches separated by 
a distance equivalent to the tag posts are made in the connec- 
tive tissue in the middle of the flipper webbing. The tag posts 
are then inserted through the holes in the flipper in which the 
screws are inserted from the bottom plate. These tags have 
provided up to 750 days of data for bearded seals rignathus 
barbatus) when programmed to transmit only while out of 
water (i.e., “dry”; London, pers. comm.). Attachment of trans- 
mitters to the flippers, however, may result in animals not 
being detected while in the water or tag loss due to flipper 
tear. 

As a general rule of thumb, tags should be attached 
where they are most exposed to enhance visibility or signal 
propagation (Kenward 200). Attachment methods, as well as 
length and position of transmitter antennas, also affect signal 
transmission and reception (Stewart et al. 1989). Head tags or 
smaller transmitters are commonly attached to the heads of 


Figure 32.1 


Flipper mounted satellite transmitter (SPOT6, Wildlife 
Computers Inc.) attached to the webbing of the rear flipper of a harbor 
seal (Phoca vitulina). (Courtesy of Josh London, NOAA, NMFS.) 
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pinnipeds so they can be easily observed or heard when the 
animal surfaces to breathe. Antennas can be oriented back- 
ward or forward, but care should be taken to avoid poking 
the animal in the eyes. Larger tags are commonly attached to 
the nape of the neck, on the midline over the scapulae, or the 
back (mid-dorsal region) of pinnipeds. Quick setting epoxies 
(e.g., Devcon® products, Riviera Beach, FL, USA; Araldite® 
K268 products, Ciba-Geigy Corp., Basel, Switzerland) or 
cyano-acrylic adhesives (e.g., LOCTITE® products, Loctite 
Corporation, Rocky Hill, CT, USA; Mississauga, Ontario, 
Canada; Mexico City, Mexico) are commonly used to attach 
tags to the pelage of pinnipeds. 

Before tagging the animal, the base of the instrument 
can be roughened (via blade, sand paper, metal file, etc.) to 
facilitate adhesion of the tag to either the fur or a secondary 
base, but some tag manufacturers now provide that service. 
For example, Wildlife Computers Inc. now attaches a textur- 
ized polyester sheet (“Peel Ply”) to the base of their tags to 
create a clean, textured surface. To further facilitate tag adhe- 
sion, excess dirt and moisture should be removed from the 
fur using clean water, dry towels, acetone or other solvents 
(methyl compounds), and compressed air if available Jeffries, 
Brown, and Harvey 1993). Use of epoxy should be limited 
when gluing the tag to the animal because it may burn the 
pelage and skin beneath the tag. In contrast to epoxy, which 
becomes hot and may take 5 to 15 min to harden, Loctite 422 
generates minimal heat Jeffries, Brown, and Harvey 1993), 
bonds quickly to the fur («K 1 min), and is especially useful in 
cold environments. Tags can be glued directly to the fur of 
the animal or the surface area of the bottom of the transmit- 
ter can be increased by attaching it to a mount composed of 
a piece of neoprene or mesh netting using glue, cable ties, or 
thread. Tag mounts are particularly useful in the event tags 
need to be retrieved because it is often easier to cut an instru- 
ment off a mount than it is off the hair. Furthermore, Liwanag 
et al. (2015) found insulation properties (.e., thermal conduc- 
tivity) of northern fur seal pelts in water were compromised 
if tags glued directly to the fur were cut off the fur, whereas 
the insulation properties of the fur were better maintained if 
tags were removed from a neoprene patch that was left intact 
on the fur. 

Mounts for video cameras include camera cradles 
(Madden et al. 2008), adhesive patches (Marshall et al. 2007), 
or epoxy glues (Moll et al. 2007). Video cameras should 
always be attached to pinnipeds in a position providing the 
greatest field of view (Figure 32.2). Lander et al. 001) 
review other instrument mounts, but many attachments have 
been improved or simplified. For example, transmitters are 
still attached to the tusks of walruses (Odobenus rosmarus) 
as described there, but some adjustments have been made 
to improve tag retention and provide protection from the 
antenna. A stainless-steel tab with a small hole is now com- 
monly added to each end of the base of the tag so that it 
can be secured to the tusk with a screw (Lydersen, Aars, and 
Kovacs 2008; Lowther et al. 2015). Additionally, small rims at 


Figure 32.2 Hawaiian monk seal (Monachus schauinslandi) tagged 
with a combination of instruments. A GPS Phone Tag (SMRU) was 
glued to the dorsal pelage with epoxy and a mesh mount, whereas hose 
clamps were used to attach a CRITTERCAM® (National Geographic 
Society) and accelerometer (Loggerhead Instruments, Sarasota, FL) 

to the GPS Phone Tag for future retrieval. (Courtesy of Mark Sullivan, 
NOAA, NMFS.) 


the terminus of the tabs prevent the hose clamps from slip- 
ping off the tusk, and a ridge of stainless steel on top of the 
tag protects the antennae and sensors. Because the protec- 
tive ridge is only on the front side of the tag and the anten- 
nae and the sensors should be pointing upward, the tag can 
be deployed on only one side of the animal. Free-ranging 
walruses also have been tagged in the dorsal blubber layer 
between the shoulders by using a crossbow to deploy tags 
containing a barbed head (Jay et al. 2010). 

Captive animals have been extremely useful for validating 
behaviors inferred from data loggers, including accelerom- 
eters. Interestingly, these instruments have also been use- 
ful for measuring behavioral responses of captive terrestrial 
mammals to veterinary and husbandry practices (Pauly et al. 
2012). Brown et al. (2013) provide a broad review on the uses, 
mechanics, and applications of accelerometers, which usu- 
ally require a rigid attachment to ensure the axes, or dimen- 
sions, of movement being measured do not change over the 
course of deployment. Attachment will obviously depend on 
size, shape, and function of the tag, size of the animal, and 
environmental setting (captive vs. wild), but tags are typically 
oriented such that the surge axis is aligned with the longitu- 
dinal body axis, and the sway axis is aligned with the hori- 
zontal body axis (Brown et al. 2013). Researchers who have 
the luxury of working with captive animals have used an 
assortment of tight-fitting harnesses, VELCRO® attachments, 
or mesh mounts to attach accelerometers (Suzuki et al. 2009; 
Viviant et al. 2010; Ware et al. 2016), whereas accelerometers 
and other small motion, attitude, or magnetic sensors have 
been glued to the base of the tail (Madden et al. 2008), back 
(Sato et al. 2003), nose (Liebsch et al. 2007), jaw, and head 
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(Naito et al. 2010) of free-ranging pinnipeds using fast-setting 
adhesives. Instruments have also been inserted into neoprene 
pockets attached to neoprene patches glued to the animal 
(Williams et al. 2015). 


Implanted Transmitters 


Lander et al. (2005) examined the feasibility of implanting 
subcutaneous VHF transmitters in rehabilitated and wild har- 
bor seals because internal tags have the advantage of remain- 
ing intact and functioning longer than external tags, allowing 
for long-term post-release monitoring and data acquisition. 
Initially, transmitter range and post-surgical wound healing 
for rehabilitated seals in captivity were assessed for four dif- 
ferent models of transmitters that differed in size, antenna 
configuration, and surface coating. Based on those results, a 
post-release monitoring study was conducted with an addi- 
tional 11 seals implanted with the selected model (MP/300/L, 
Telonics, Inc.; Table 32.1). These transmitters, which were 
implanted between the blubber and subcutaneous muscle 
layers, were positioned parallel to the longitudinal axis of the 
seal (with the antenna oriented toward the head) on the left 
dorsal thorax, ~10 cm lateral to the spine and 5 cm caudal 
to the scapula. This site was chosen to avoid interference 
with musculoskeletal motion, optimize antenna exposure 
at the surface while at sea, and prevent pups from chewing 
sutures. Overall, postoperative clinical observations and sur- 
vey results indicated that implantation of subcutaneous radio 
transmitters did not appear to reduce survival, leading the 
investigators to believe that implants would be a promising 
method for collecting long-term datasets. 

Accordingly, Blundell et al. (2014) used subcutaneous 
radio transmitters to examine harbor seal survival rates of 
277 implanted seals. Twenty-four seals were never detected 
again and the number of detections for remaining seals 
diminished over time. Overall, more than 2 years of telemetry 
data were logged for 72 seals, with a maximum detection of 
4.15 years. Five seals recaptured 7 to 12 months after surgery 
had. functional transmitters and completely healed incision 
sites, whereas one seal that was recaptured almost 1 year 
after surgery had a transmitter that was partially extruded 
from an uninfected open wound. This observation, coupled 
with the recovery of 4 beach-cast transmitters from seals of 
unknown fates, was possible evidence for tag rejection; thus, 
Blundell et al. (2014) concluded that subcutaneous implants 
were useful for monitoring haul-out use and tracking seals 
during the molting season, but were not adequate for mark— 
recapture studies or for assessing long-term survival rates. To 
address these problems, Manugian, Van Bonn, and Harvey 
(2015) then modified the sedation and implant procedure, 
which included an expedient closure technique (e., single 
layer of absorbable sutures) to reduce surgery time and allevi- 
ate the long-term inclusion of foreign suture material in the 
surgical site. Additionally, the implantation site was changed 
to the dorsal midline between the base of the skull and 


scapular margins to position the antenna closer to the head 
and minimize tag migration associated with locomotion. A 
custom stainless-steel trocar was used to create a pocket for 
tag placement cranial to the incision site, so as to avoid the 
tag being directly under the incision. This modified technique 
was successfully used to estimate survival, resight, and move- 
ment probabilities for 32 adult female harbor seals captured 
in central California, albeit no animals were visually resighted 
or physically examined (Manugian et al. 2017). 

Implantation of subcutaneous heart rate data loggers 
in captive elephant seals and California sea lions produced 
mixed results (Green et al. 2009). For both species, the heart 
rate loggers successfully detected the electrocardiogram at 
the implantation site, which was lateral to the dorsal midline 
and centered between areas on the thoracic and lumbar flank 
that corresponded to the lengths of the two electrode leads 
protruding from the logger. However, inflammatory reac- 
tions (swelling, mucopurulent exudate, and dehiscence) were 
observed in all elephant seals, resulting in tags having to be 
explanted. In contrast, the incision sites of California sea lions 
healed well with minimal swelling and no exudate. Green et 
al. (2009) concluded that tag rejection may be species specific 
because both groups were subjected to similar procedures; 
they stressed that additional investigation was needed to real- 
ize the potential of this technique in northern elephant seals. 

Given the inherent limitations associated with VHF 
implants (reception range, area coverage, and lifespan), 
Horning and Hill (2005) developed an implantable Life 
History Transmitter (LHX tag) to collect long-term survival 
data. Thereafter, a smaller, second-generation LHX2 tag was 
developed to collect additional vital rate data (i.e., age at pri- 
miparity and parturition patterns; Horning et al. 2017). Similar 
to pop-up tags, the LHX tags are positively buoyant and are 
programmed to transmit archived sensor data to Service 
Argos after mortality and tag extrusion occur; temperature is 
used to determine a mortality event, whereas light and con- 
ductivity sensors are used to determine an extrusion event. 
To facilitate extrusion from the body, tags are coated in a 
medical-grade epoxy to minimize connective tissue growth 
and adhesion to the omentum. Tags have been implanted 
into the ventrocaudal abdominal cavity by way of an incision 
on the ventral abdominal midline (caudal to the umbilicus 
and cranial to the pubic symphysis and preputial opening) 
through the skin, intradermal and subcutaneous fat, body 
wall (abdominal oblique muscles and linea alba), and perito- 
neum. These tags have been implanted intraperitoneally into 
rehabilitated California sea lions, juvenile Steller sea lions 
(Eumetopias jubatus), and harbor seals. Negative effects have 
not been observed, with the exception of some acute inflam- 
matory responses expected with wound healing after sur- 
gery (Horning et al. 2008; Shuert, Horning, and Mellish 2015; 
Horning et al. 2017). To date, LHX tags are not yet commer- 
cially available given the experience needed for data inter- 
pretation. Instead, collaborative projects have been and 
may continue to be established among M. Horning (Alaska 
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SeaLife Center, Seward, AK, USA), Wildlife Computers Inc., 
and interested researchers and veterinarians. 

In summary, a handful of studies have been conducted 
over the last decade to investigate the feasibility of using 
implanted transmitters in pinnipeds for long-term data 
acquisition. Tag location, antenna orientation, surface coat- 
ing, surgical procedures, and study subject @e., species) all 
need to be considered before using this monitoring tech- 
nique (Horning and Hill 2005; Lander et al. 2005; Green et al. 
2009; Manugian, Van Bonn, and Harvey 2015). Additionally, 
if implantable tags are customized or obtained from a man- 
ufacturer that does not specialize in marine applications, it 
is important to emphasize that implants must be properly 
potted for protection under pressure. Lastly, an experienced 
veterinarian, sterile conditions, and a post-release monitoring 
plan are all highly recommended. Horning et al. (2017) elabo- 
rate on some of these recommendations and also detail some 
additional “best practices” for investigators interested in using 
implantable tags in pinnipeds. 


Cetaceans 


Unlike pinnipeds that are semiaquatic and have hair, ceta- 
ceans are difficult to capture, handle, and tag because they 
lack these features. Despite these hurdles, biologists have 
succeeded in deploying many types of tags on both odon- 
tocetes and mysticetes. Since the last edition of this hand- 
book, advances in technology have made tagging cetaceans 
safer and tag retention times have greatly improved (Balmer 
et al. 2014a; Hauser et al. 2014; Irvine et al. 2014). This has 
led to the increased use of biotelemetry and biologging tools 
to address important questions in marine mammal science, 
including the evaluation of rehabilitation efforts (see Wells et 
al. 2013a for a summary). 

A wide variety of passive tags have been used on ceta- 
ceans with varying degrees of success, including freeze 
brands, discovery tags, spaghetti tags, button tags, and cattle 
ear tags (Brown 1975; Scott et al. 1990). Freeze branding is 
considered the best method for long-term marking of indi- 
vidual cetaceans; thus, it has been applied to rehabilitated 
animals (Mazzoil et al. 2008) and is strongly recommended 
for evaluating post-intervention survival of cetaceans receiv- 
ing any form of human aid (Wells et al. 2013a). These marks 
have remained legible on individual bottlenose dolphins for 
more than 12 years (Wells 2009). Effective freeze brands are 
achieved by applying supercooled (via LN, or dry ice) brand- 
ing irons to the epidermis on the dorsal fin (and in some 
instances the lateral flank) for a set period of time, which is 
species specific (e.g., 15-20 s for southeastern US common 
bottlenose dolphins, Tursiops truncatus). Like pinnipeds, 
plastic cattle ear tags (e.g., Jumbotag and Rototags, Daltons 
Animal Identification Systems Ltd.), originally proposed by 
Norris and Pryor (1970), have also been used extensively in 
field studies of bottlenose dolphins (Scott et al. 1990) and 


harbor porpoises (Phocoena phocoena; Neimanis et al. 2004). 
These tags have proved effective for identification of indi- 
viduals, although photographs are often needed to read their 
numbers. Rototags are attached near the trailing edge of the 
dorsal fin and often migrate out of the tissue, leaving a notch. 
By attaching Rototags in a selective manner, unique notches 
can be made on individual dorsal fins, which aid in later 
photo-identification. 

There are three types of telemetry tags used on ceta- 
ceans: acoustic, VHF, and _ satellite. Acoustic telemetry 
has not been used widely in the field because frequen- 
cies (10 to 100 kHz) of most tags can be heard by some 
cetaceans (Richardson 1995) and this may influence their 
behavior. Because signals from higher-frequency transmit- 
ters attenuate quickly in seawater, it would not be feasible 
to use acoustic transmitters that transmit above the hear- 
ing level of most odontocetes (> 200 kHz). Instead, VHF 
radio transmitters are more commonly used to track ceta- 
ceans. Attachment techniques for these tags have varied 
since the 1960s, but usually involve attaching tags directly 
to the dorsal fin of smaller cetaceans (see Lander et al. 2001 
for historic references). Larger cetaceans also have been fit- 
ted with VHF tags, usually in the form of implantable tags 
that are shot into the blubber with a crossbow or modified 
rifle (Watkins et al. 1981, 2002). With the advent of smaller 
safer tags, VHF telemetry has been largely replaced with 
satellite-linked telemetry. Satellite tags are especially suited 
for cetaceans because they do not require field-based moni- 
toring and operate around the clock and during all weather 
conditions (Cooke et al. 2004). Satellite transmitters have 
decreased in size considerably since their introduction in 
the early 1980s (Mate, Mesecar, and Lagerquist 2007) and 
these tags have been successfully deployed on cetaceans as 
small as Franciscana dolphins (Pontoporia blainvillei; Wells, 
Bordino, and Douglas 2013b) and as large as blue whales 
(Balaenoptera musculus, Irvine et al. 2014). 

In addition to telemetry devices, archival data loggers are 
also deployed on cetaceans. Time-depth recorders (TDRs) 
have been the most common type of archival data logger 
used for a wide variety of species (Hooker and Baird 200D, 
although the Daily Diary (Wildlife Computers Inc.; Wilson, 
Shepard, and Liebsch 2008) and DTAG (Johnson and Tyack 
2003) have been deployed on a few species. Advances in mem- 
ory capacity have facilitated multichannel data collection (see 
Introduction) and increased potential deployment times. 
Archival data loggers can be attached to cetaceans directly 
(Westgate et al. 1995; 2007) or by using poles, crossbows, 
or compressed-air launchers to attach instruments with suc- 
tion cups Johnson, de Soto, and Madsen 2009; Friedlaender 
et al. 2014; Cade et al. 2016), dermal attachments (including 
projectile needles and darts with or without petals), or a com- 
bination thereof (Baumgartner, Hammar, and Robbins 2015; 
Szesciorka, Calambokidis, and Harvey 2016). Archival data 
loggers are often retrieved after they detach by incorporating 
a VHF or satellite transmitter into a buoyant package. 
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The attachment methods used for any tag will depend 
on the species being tagged, the objectives of the study, and 
the planned duration of deployment. Many cetacean species 
have never been tagged and techniques to do so have not 
been developed. Hence, for these species, more effort will 
be required before a safe and effective tag can be deployed. 
If the goal is short-term data collection, the best system to 
deploy is one that attaches the tag to the animal using suc- 
tion cups. There are three types of suction-cup-based attach- 
ments available. The first type of suction-cup-based tagging 
system, called the Trac-pac® (Trac-pac® Inc.; Table 32.1), 
was developed for use on small odontocetes (Westgate et al. 
2007, Figure 32.3). This unique package relies on a series 
of smaller suction cups ( cm) that are attached to a hinged 
thermoplastic saddle. The suction cups hold the saddle to the 
dorsal fin. The saddle is conformed to be species-specific 
and contains pockets to hold tags. Galvanic action corrodes 
pins that connect a front hinge, which eventually releases 
the package. Although advantageous for rehabilitated indi- 
viduals, this system may be logistically difficult to deploy on 
free-ranging animals that must be captured; thus, the sec- 
ond type of suction-cup-based tagging system is composed 
of a single large suction cup (8-10 cm) to which the tag is 
attached directly or by a tether. This type of deployment usu- 
ally relies on the eventual release of the suction cup from 
the animal to jettison the tag (Baird et al. 2006). The third 
type of system has 3-4 medium-sized (6 cm) suction cups, 
which are attached to a molded housing containing the tag 
(Johnson, de Soto, and Madsen 2009; Friedlaender et al. 2014; 
Figure 32.4a and b). Some of these have a programmed 
release facilitated by a burn wire, which releases the suction 
and the tag from the animal. The latter two tags are suited 
for remote deployment from either crossbows or poles and 


Figure 32.3 Trac-pac®on a bottlenose dolphin (Tursiops truncatus). 
The tag is held in place by a series of small suction cups that line the 
inside of the package. In this view, the VHF radio transmitter and TDR 
can be seen. (Courtesy of Chicago Zoological Society, Sarasota Dolphin 
Research Program.) 


Figure 32.4 Two types of remotely deployed suction cup data loggers 
on cetaceans, including (a) a DTAG on a beaked whale (Ziphius caviros- 
tris) and (b) an Acousonde™ (Acoustimetrics, Santa Barbara, CA, USA) 
ona minke whale (Balaenoptera bonaerensis). Both tags are capable of 
recording acoustic, depth, attitude, and orientation data. (Courtesy of Ari 
Friedlaender, Oregon State University.) 


have proven successful in a wide range of species. Obvious 
reactions to these tags have been documented in bottlenose 
dolphins (Schneider et al. 1998), so they may not be appli- 
cable to all species. All of these methods are best suited for 
short-term deployments (hours to days) when animals will be 
tracked continuously using VHF telemetry. 

Vessel-based tracking using VHF telemetry allows for 
visual observations of tagged animals for tag recovery or to 
assess tag condition and animal health. However, this tech- 
nique is labor-intensive, limited in geographic scope, and 
locations cannot be obtained during all conditions and at all 
times of day (Balmer et al. 2014b). For these reasons, vessel- 
based VHF telemetry is most suited for species whose general 
home range is known or when daily tracking for the dura- 
tion of the transmitter battery life is planned. Aerial tracking 
is another method that can be used to supplement vessel- 
based tracking by increasing the geographic range of tracking 
coverage and providing insights into extended movements 
of tagged animals. Automated radio telemetry systems at 
remote, fixed stations can reinforce vessel-based telemetry by 
collecting presence/absence data, 24 hours a day (Martin and 
da Silva 1998; Balmer et al. 2014b). 
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When longer tag deployments are required, it is necessary 
to attach tags using more invasive methods. Invasive tags can be 
attached to odontocetes using pins that go through the tissue of 
the dorsal fin (Scott et al. 1990; Westgate et al. 1995, 2007; Read 
and Westgate 1997; Balmer et al. 2014a; Figure 32.5a and b) 
or dorsal ridge (Heide-Jorgensen et al. 2003; Laidre et al. 2003; 
Citta et al. 2016). These pins are used to attach either the tag 
or a saddle containing the tag to the animal. When securing a 
tag to a dorsal fin using pins, the quantity, size, and placement 
of the pins should be considered. More pins provide increased 
stability (Hanson 2001), but there is also an increased risk of 
damaging the vasculature of the dorsal fin and the fin structure 
itself (e.g., Balmer, Schwacke, and Wells 2010). Too few pins 
may reduce damage to vascularization, but may not provide 
enough support for the tag. As a general rule, use as few pins 
as possible to provide a secure attachment and address the 
goals of the tagging project. Pin diameter is also important; 
small pins have an increased tendency to break or migrate 
out of the tissue, whereas large pins are more likely to impact 
a major vessel. Generally, 6.4-mm-diameter pins are used for 


Figure 32.5 (a) (Top tag) bullet radio tag (MM130, Backmount transmit- 
ter, Advanced Telemetry Systems, Inc.) enclosed in orthopedic plastic 
casing (Trac-pac®) and (bottom tag) KiwiSat 202 Cetacean Fin Tag 
(Sirtrack, Ltd.) on a bottlenose dolphin (Tursiops truncatus). (b) Satellite 
transmitter (SPOT-299A, Wildlife Computers Inc.) on a bottlenose dol- 
phin. (Courtesy of Brian Balmer.) 


smaller odontocetes such as harbor porpoises (e.g., Read and 
Westgate 1997) and 8.0-mm-diameter pins are used for larger 
animals such as bottlenose dolphins (e.g., Balmer et al. 2014a). 
Pin diameter may vary, however, if multiple attachment pins 
are used. Delrin® or nylon are commonly used as pin materials 
because each is strong and has good biocompatibility (Scott 
et al. 1990). Metal (stainless-steel or titanium) bolts or pins are 
not recommended when tagging small cetaceans because they 
can result in serious damage when migrating through tissue 
(Irvine, Wells, and Scott 1982). Pins should be secured with 
some bimetallic combination of nuts and washers because they 
will corrode galvanically. The im situ dynamics of galvanic cor- 
rosion are not well understood, so it is prudent to test bimetal- 
lic corrosion properties in the habitat where deployments will 
occur, All nuts should be backed with oversized Delrin or nylon 
washers and open cell foam to reduce the effects of localized 
pressure necrosis (see Balmer, Schwacke, and Wells 2010). The 
tightness of the package on the dorsal fin is difficult to gauge. 
Overtightening can lead to tissue necrosis and undertightening 
can allow the tag to move around, which may lead to unnec- 
essary tissue abrasion and delay the wound healing process. 
Holes for pins are usually cut using specialized thin-walled 
stainless-steel coring tools (Balmer et al. 2014a). It is better to 
cut a hole in the fin that is slightly smaller than the pin that will 
be used because this will help reduce bleeding and loosening 
of the tag should the hole size increase over time. Prior to any 
surgery, the site should be cleaned properly, a local anesthetic 
such as lidocaine hydrochloride and epinephrine (1:100,000) 
applied, and an antibiotic cover considered. Attachment parts 
inserted into tissues should be appropriately disinfected prior 
to use. For VHF tracking of smaller cetaceans, the “roto-radio” 
tag system is the preferred method. Small G5 g) VHF transmit- 
ters (AI-2, Holohil Systems Ltd.; MM130, Advanced Telemetry 
Systems, Inc.; Table 32.1) are attached to the trailing edge of 
the dorsal fin via a cattle ear tag (Read and Westgate 1997; Wells 
2009). The most recent iteration, the bullet radio tag (Trac-pac®; 
Figure 32.5a; Balmer et al. 2011), encloses similar VHF radio 
transmitters with an estimated battery life of 74 days in a modi- 
fied orthopedic plastic casing. These tags are attached to the 
trailing edge of the dorsal fin using a single hole and a 6.4 mm 
Delrin pin, with non-stainless-steel (corrodible) hex nuts and 
stainless-steel washers. 

Recently, a new satellite tag design was developed, which 
is attached to the trailing edge of the dorsal fin via a single 
pin (Balmer et al. 2011; Figure 32.5a). This single pin attach- 
ment was designed to reduce negative impacts to the dorsal fin 
from any asymmetrical release that typically occurs with mul- 
tipin attachments, minimize impediment to the thermoregula- 
tory function of the dorsal fin (Pabst, Rommel, and McLellan 
1999), and improve the overall drag performance of the tag. 
Computational fluid dynamics (CFD) modeling and follow-up 
health and behavioral observation monitoring studies were con- 
ducted on prototypes deployed experimentally on bottlenose 
dolphins in Sarasota Bay, Florida, USA, to fine-tune features 
that would maximize tag attachment duration and minimize 
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impacts to the tagged animal (Wells et al. 2013c; Balmer et 
al. 2014a). Based upon these findings, Wildlife Computers Inc. 
and Sirtrack, Ltd. (Table 32.1) are currently manufacturing off- 
the-shelf versions of these single pin satellite transmitters (K2F, 
Sirtrack, Ltd.,; SPOT-299A [location only] and SPLASH10-268D 
[location and TDR], Wildlife Computers Inc.; Figure 32.5b). 
The transmitter is attached to the dorsal fin with a hollow Delrin 
pin (8 mm [5/16 in]) tapered on the end that will penetrate 
the fin, and two, non-stainless-steel thread-forming screws for 
plastic (#10) and stainless-steel washers (#10) that are attached 
to each end of the flange of the tag. Flange placement is user 
adjustable. The screws should be tightened to the point where 
~1 mm of space remains between the wings of the tag and 
the dorsal fin. Tags (excluding saltwater switches) also should 
be coated with Propspeed™ (Oceanmax, Ltd., Auckland, New 
Zealand) to reduce biogrowth. Because extensive post-tagging 
monitoring indicated the single pin satellite transmitter design 
had retention rates comparable to tag battery life, and it did 
not result in long-term impacts to the individual (Balmer et al. 
2014a), we believe this tag design is the best method for col- 
lecting telemetry data during situations where animals can be 
handled safely. 

Rarely can large whales be handled safely or in a captive 
setting (Stewart, Harvey, and Yochem 2001). For species that 
cannot be handled safely for tag attachment, fully implant- 
able (e.g., large whales) and anchor-only implantable (.g., 
smaller pelagic cetaceans) tags have been deployed remotely 
by crossbows or modified shotguns and air guns (Goodyear 
1993; Watkins et al. 1993; Heide-Jorgensen et al. 2001; Mate, 
Mesecar, and Lagerquist 2007; Andrews, Pitman, and Balance 
2008). The tags referred to as “fully implantable” by the whale 
tagging community have been designed to penetrate the axial 
muscle and contain petals to prevent outward migration in 
an effort to achieve long-term tag attachment (Mate, Mesecar, 
and Lagerquist 2007). Only the saltwater switch and antenna 
are external to the body with this implant configuration. In 
contrast, anchor-only implantable tags (or surface-mounted 
tags) have heads with cutting points (e.g., darts or bladed 
tips) that assist in penetrating the dorsal fin connective tis- 
sue or blubber and a series of tines, barbs, or anchors that 
aid in securing the tag. With the miniaturization of satellite 
tags, anchor-only implantable tags are designed so only the 
anchors penetrate the dorsal fin or blubber layer, leaving the 
mounted tag external to the body. These tags were designed 
to reduce penetration depth and tissue damage at the tag- 
ging site with the goal of increasing safety and deployment 
length. For example, the Low Impact Minimally Percutaneous 
Electronic Transmitter (LIMPET) tag (Wildlife Computers Inc.) 
has been deployed on a wide range of cetacean species with 
varying degrees of success (Andrews, Pitman, and Balance 
2008, Figure 32.6). 

As technology continues to advance and tag size is fur- 
ther reduced, there will be greater utility in using remote 
attachment methods to tag cetacean species. Most implantable 
tags have contained satellite transmitters (Mate, Mesecar, and 
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Figure 32.6 Low Impact Minimally Percutaneous Electronic Transmitter 
(LIMPET) tag on a beaked whale (Ziphius cavirostris). This tag is 
attached remotely using an air gun or crossbow and provides information 
on movements and diving behavior via the Argos system. (Courtesy of 
Andy Read, Duke University Marine Lab.) 


Lagerquist 2007, Andrews, Pitman, and Balance 2008; Irvine 
et al. 2014), although multichannel units are available (Schorr 
et al. 2014). When using implantable tags, it is important to 
have a good understanding of the blubber depth and/or dor- 
sal fin morphology in the area the tag will be attached so risk 
of overpenetration or incorrect placement is minimized to the 
tagged animal and the correct penetration will be achieved. 
Unlike tags that are attached using other techniques, implant- 
able tags undergo extreme ballistic forces when deployed 
and need to be designed to withstand high impact. Tags and 
penetrating heads should be sanitized (e.g., soaked in a dis- 
infectant solution) and sterilized (e.g., gas sterilization) prior 
to implantation. Although research is lacking on their effec- 
tiveness, both antiseptic (topically applied broad spectrum 
antimicrobiotic agent [e.g., povidone-iodine]) and antibiotic 
(internally applied antibacterial agent [e.g., Gentamycin sulfate 
mixed with a long-dispersant methacrylate powder Eudragit®) 
applications have been used in the past and should be consid- 
ered (Mate, Mesecar, and Lagerquist 2007). 

To date, little attention has focused on the physical 
(Mate, Mesecar, and Lagerquist 2007; Walker et al. 2012; 
Baumgartner, Hammar, and Robbins 2015; Best, Mate, and 
Lagerquist 2015; Szesciorka, Calambokidis, and Harvey 
2016), physiological (Moore et al. 2013), or long-term effects 
(Mizroch et al. 2011; Best, Mate, and Lagerquist 2015; 
Gendron et al. 2015) of tagging cetaceans with invasive 
tags, albeit some long-term follow-up studies are underway 
(Gendron et al. 2015). Serious damage to dorsal fins has been 
documented in cases where tag attachments either unex- 
pectedly failed or were not appropriately designed (Balmer, 
Schwacke, and Wells 2010). It is imperative to understand 
the vasculature of the dorsal fin so a site with limited to no 
vascularization can be selected to avoid penetrating any arter- 
ies (see Chapter 7). This will minimize impact to important 
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heat-exchanger vessels, as well as to the general blood sup- 
plies of the fin. This can be accomplished by examining 
dorsal fins of dead animals or by probing selected pin sites 
with a hypodermic needle prior to the actual surgery. When 
placing tags on dorsal fins, it is also important to remember 
these appendages function as both hydrodynamic and ther- 
moregulatory surfaces, and increased drag means increased 
energy expenditure for locomotion (Pabst, Rommel, and 
McLellan 1999). Thus, tags should be designed to minimize 
any disruption of normal water flow, especially for long-term 
deployments. Previous studies indicate that saddle-based 
packages had more drag than packages without saddles, and 
increased drag may have contributed to decreased deploy- 
ment time (Hanson 2001). Recently, computer-aided design 
(CAD) and CFD models have been developed to estimate 
drag and force of tag designs on cetacean species (reviewed 
in van der Hoop et al. 2014). Prior to the deployment of a 
new tag design, experimenting on dead animals and assess- 
ing hydrodynamic drag via computer-based models are 
essential components to be included in any telemetry proj- 
ect. Whether short- or long-term deployments are planned, 
the actual deployment length is often far less than expected. 
Incorporating small changes to a tag design in an iterative 
manner is usually more successful than making several 
changes (even if they seem inconsequential) because it is 
possible to learn from sequential trials. Until recently, tags 
have not been available from manufacturers in configura- 
tions that are ready to deploy. However, in the past 10 years, 
manufacturers (e.g., Sirtrack, Ltd. and Wildlife Computers 
Inc.) have been working more intensively with researchers 
to develop commercially available tags that can be deployed 
more safely and effectively on cetacean species. 

Tagging cetaceans is a controversial issue as tagging 
methods can potentially harm animals. Because attachment 
methodologies are continuously evolving and information 
regarding tag impacts is limited, it is essential that tagging 
be approached with caution and by someone with previous 
experience. Post-tagging assessment, including necropsies in 
the event of mortality and the collection of life history data, 
should also be conducted when applicable. 


Manatees 


Manatees (Trichechus sp.) have been described as the most 
studied marine mammal because they are easily accessible 
due to their use of nearshore habitats and tolerance for close 
interactions with humans (Reynolds and Lynch 2017). Much of 
our understanding of movement and habitat use patterns has 
been acquired from development and refinement of a suite 
of techniques for marking, tagging, and tracking manatees 
coupled with decades of tagging and tracking studies, mostly 
based on the Florida manatee subspecies Trichechus mana- 
tus latirostris Irvine and Scott 1984). Given their slow travel 
speeds and use of shallow water habitats, some attachment 


techniques impractical for most marine mammals have been 
uniquely successful on manatees. 

PIT tags, which typically function as a complement to other 
means of identifying individuals, have been used in manatee 
research since 1993 (Wright, Wright, and Sweat 1998). These 
microchips (11.0 x 2.2 mm and 54 mg in weight) are surgi- 
cally placed subdermally into the cutaneous space of the fat 
layer over the right and left shoulder regions using a cut-down 
procedure and a modified injection syringe (Figure 32.7). 
There have been no observed ill effects of PIT tags in mana- 
tees (Wright, Wright, and Sweat 1998) and this simple mark— 
recapture methodology has enabled researchers to positively 
identify captured, stranded, or dead manatees at a later time. 

Freeze branding also has been used to help facilitate 
identification of individuals. Standardized application proce- 
dures have been developed using 5-cm alphanumeric brands 
cooled in LN, and held firmly over a clean, dry surface of the 
skin for ~30 s (Irvine and Scott 1984). Only manatees that 
do not have unique scar patterns, and have a high value for 
future identification, are branded on the upper and lower 
dorsum. In Florida, naive captive manatees rescued at a 
young age and later released to the wild are routinely marked 
with freeze brands as part of the Manatee Rehabilitation 
Partnership (MRP), a collaborative, multipartner effort with a 
stake in tracking the post-release fate of rehabilitated mana- 
tees in the wild (http://public.wildtracks.org; Adimey et al. 
2016). Numbers and/or letters are assigned from a central- 
ized, shared database prior to branding. The application of 
freeze brands and visual resightings of marked individuals are 
managed in cooperation with a collaborative manatee photo- 
identification program (Beck and Clark 2012). 

Several tagging systems were tested for manatees during the 
1970s (Irvine and Scott 1984), but a peduncle belt proved most 
successful for tag attachment (Marmontel et al. 2012). The current 


Figure 32.7 Passive Integrated Transponder (PIT) tag (top left) and two 
styles of applicators (Oregon RFID, Portland, OR, USA) used to place 
the transponder in the subcutis. (Courtesy of James Reid.) 
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design includes an adjustable belt that attaches with a buckle 
around the caudal peduncle just cranial to the insertion of the 
tail paddle (Figure 32.8). The manatee’s rotund shape tapers 
to a pronounced tailstock with reduced girth, which allows the 
belt to be fastened passively around the body and ride on the 
anterior edge of their tough, paddle-shaped tail. The belts are 
constructed in various sizes and breaking strengths based on 
tagged animal size class (Rathbun, Reid, and Bourassa 1987) and 
corrodible nuts and bolts allow the belt to self-release over time. 
Ultrasonic beacons (model CHP-87-L, Sonotronics, Inc.; Table 
32.1) are routinely incorporated into belt assemblies (Marmontel 
et al. 2012) making it possible to recover detached belts or locate 
manatees that have broken free of floating transmitters (described 
below). Some radio tracking projects adapt belt-mounted VHF 
transmitters, which are reliable and have a long battery life, but 
effective monitoring is limited to freshwater habitats because the 
peduncle is typically submerged (Marmontel et al. 2012). 
During the early 1980s, a tethered, floating tag attach- 
ment was developed for tracking manatees in both freshwa- 
ter and marine environments (Rathbun, Reid, and Bourassa 
1987). Manatees typically swim slowly and reside in shallow 
water, which allows a tethered tag to transmit while periodi- 
cally floating at the surface. Tethered VHF tags were used dur- 
ing early years as the primary means to locate animals visually 
or through triangulation. These units contained a conventional 
VHF radio transmitter (MOD-550, Telonics, Inc.) installed in 
cylindrical floating housing (33 cm long and 6 cm in diameter), 
which floats vertically with an eyebolt at the base of the nose 
cone and the antenna exposed on top (Rathbun, Reid, and 
Bourassa 1987; Deutsch, Bonde, and Reid 1998). The floating 
transmitter is attached to the belt by a flexible nylon tether 
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Nose cone 
Chain link connector 
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Buckle and swivel 


Tightening strap 


”’ Chain link connector, 


(1.2 to 1.8 m long and 9.5 mm diameter). Each tether has an 
engineered weak link that is varied by animal size class and 
designed to break free if the transmitter becomes entangled. 
More detailed technical descriptions of the manatee radio tag 
and belt assemblies are available in the literature (Reid and 
O’Shea 1989; Rathbun, Reid, and Carowan 1990; Reid, Bonde, 
and O’Shea 1995; Marmontel et al. 2012). This system has 
worked well for tracking both free-ranging and captive-released 
manatees throughout their range and a modified tethered tag 
design has been adapted for use on dugongs (Dugong dugon; 
Marmontel et al. 2012). Due to their low cost and simplicity in 
operation, tethered VHF tags are still used by first responders 
to tag free-swimming injured or entangled manatees for short- 
term monitoring until rescue (Garrett 2013). Additionally, belt- 
mounted VHF tags (Advanced Telemetry Systems, Inc.) are still 
used in combination with tethered tags as a secondary tracking 
mechanism in freshwater habitats (Marmontel et al. 2012). 
Advances in radio and battery technology and the use of 
larger floating housings allowed researchers to employ satellite- 
monitored PTTs from the late 1980s through the early 2000s 
(Deutsch, Bonde, and Reid 1998). Floating PTT units (various 
models from ST-3 to ST-14, Telonics, Inc.) were 39 cm long, 
9 cm in diameter, and included a VHF transmitter (MOD- 
200 and MOD-225, Telonics, Inc.) and an ultrasonic beacon 
(CHP97L, Sonotronics, Inc.) to aid researchers in locating 
detached units. Although PTTs on manatees typically gener- 
ate many high-quality Argos locations, the low frequency of 
satellite passes over the tropical to subtropical latitudes of the 
manatee’s range limits the number of locations that can be 
acquired per day (Deutsch, Bonde, and Reid 1998); thus, GPS 
receivers coupled with PTTs have been the primary tracking 


Figure 32.8 Details of the belt assembly used on 
manatees (Trichechus sp.). (Modified from Reid, J.P. 
et al. Reproduction and mortality of radio-tagged 
and recognizable manatees on the Atlantic Coast 

of Florida. In Population Biology of the Florida 
Manatee (Trichechus manatus latirostris), ed. T.J. 
O’Shea, B.B. Ackerman, and H.F. Percival, 171-191. 
Washington DC: National Biological Service 
Information and Technical Report 1, 1995.) 
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tag for manatees since the mid-2000s. These tags (TMT-462 
and the smaller TMT-464, Telonics, Inc.) also have a flotation 
collar and can be programmed to frequently acquire precise 
GPS locations using standard and Quick Fix Pseudoranging 
(QFP) technology (Tomkiewicz et al. 2010) for relay through 
the Argos system (Figure 32.9). A saltwater switch synchro- 
nizes GPS fixes and Argos transmissions to tag surfacings, 
which improves performance, saves battery life, and enables 
the tag to log dive data (ie., submergence frequency and 
duration; Castelblanco-Martinez et al. 2015). These data, along 
with temperature data and tag activity (.e., tipping) relayed 
through an Argos link, can provide information on animal 
behavior and help researchers detect detached tags. Battery 
life limits deployments to ~6 months with GPS fix intervals 
of 15 to 30 min and Argos transmissions timed for overpasses 
of three satellites. With a greater than 80% success in GPS 
location fix attempts, detailed movements and precise habi- 
tat use patterns can be documented within the fine scale of 
inland waterways and coastal environments used by mana- 
tees (Marmontel et al. 2012). Battery life, biofouling, or need 
for a health assessment (see Chapter 38) mandate timing of 
tag exchanges, which are done through recapture or by free- 
swimming researchers. Additional tracking methodologies 
utilizing Iridium, Globalstar, or cellular telephone communi- 
cation equipment could likely be used to monitor manatees 
successfully, and trials adapted for manatees are underway. 
Manatees commonly are found in shallow-water environ- 
ments where floating transmitters usually are exposed at the 
surface. This affords excellent exposure of the antenna to air 
when the manatee is feeding or resting near the surface in salt 
or brackish water. When traveling, however, the tethered trans- 
mitter often is pulled beneath the surface, and radio signals 
are attenuated in salt water. Unfortunately, floating tags also 
are vulnerable at the surface, and many are hit by boats, are 
grabbed by alligators, or become snagged and detach at the 


Figure 32.9 Tethered floating GPS tag and attachment on an adult 
Florida manatee (Trichechus manatus /atirostris). (Courtesy of Kit Curtin, 
United States Geological Survey.) 


tether or belt’s weak link. Tag life is also affected by battery 
life, duration of selected duty cycle, and sinking due to foul- 
ing with barnacles and other epibionts and epiphytes (Reid, 
Bonde, and O’Shea 1995). However, location acquisition and 
data relay rates from tethered tags on manatees are quite high 
compared to tracking efforts on other marine mammals. 

Since 1988, the MRP has released more than 136 rehabili- 
tated manatees with telemetry tags to monitor their acclima- 
tion and determine their fate in terms of success or failure 
after at least 1 year (Adimey et al. 2016). This long-term effort, 
which enabled interventions, periodic health assessments, and 
documentation of adaptation, provides knowledge to refine 
operational protocols and quantify the overall contribution of 
released manatees to the wild population. This effort indicated 
there were few or no adverse tag effects on tagged individu- 
als. Behavior does not appear affected and reproductive cycles 
do not seem to be interrupted (Reid, Bonde, and O’Shea 1995; 
Deutsch, Bonde, and Reid 1998). Minor scarring of tissue, due 
to belt chafing along the anterior edges of the tail margin, has 
been observed in some cases, so care should always be taken 
to assure that belts are fitted properly and are rated with the 
appropriate breaking strengths based on the animal’s size class 
and age. This noninvasive technique of monitoring a nearshore 
marine species is ideal and has been used successfully in many 
studies to understand manatee habits and habitats. 


Sea Otters 


Tagging and tracking sea otters can be challenging, despite 
their tendency to spend the majority of their lifetime in near- 
shore areas. A small external ear coupled with dexterity 
exhibited while grooming precludes use of ear tags. Branding 
interferes with the otter’s pelage and subsequent thermoregu- 
latory abilities. Tattoos would be difficult to find and read in 
the densely furred otter. The high degree of skin mobility, 
loose articulation of sea otter joints, and the animal’s ability 
to reach all areas of its body make external tags problematic. 
Despite these limitations, several techniques have been used 
to facilitate identification and tracking of individual otters. 

Small PIT tags (1 x 4 mm), which were originally implanted 
in the subcutaneous tissue between the scapulae and close 
to the otter’s mouth (Thomas et al. 1987), are now placed in 
the subcutaneous space of the caudal femoral region after 
parting the fur over the right inguinal area with a 1:1 combi- 
nation of sterile lubricating jelly and povidone-iodine solu- 
tion. Several of the most current versions of PIT tags not only 
transmit a unique identifier, but also have a thermistor, which 
provides data regarding the temperature of the tag. Though 
not equivalent to core body temperature, it does facilitate 
coarse temperature monitoring of otters in transport contain- 
ers or confined to spaces out of water. Because PIT tags can- 
not be used to identify animals at a distance, other marking 
techniques are typically used in conjunction with PIT tags to 
facilitate the monitoring process. 
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A variety of methods for attachment of flipper tags to 
sea otters have been used. Metallic tags are no longer used 
because otters would bend or crush the tags, causing pres- 
sure necrosis of the underlying webbing and subsequent 
loss of tags. Instead, plastic tags (Temple brand) of a variety 
of colors and designs have been employed. Techniques for 
anchoring tags with either double- or single-puncture anchor- 
ing have been used (Ames, Hardy, and Wendell 1983; Figure 
32.10a). For a single-puncture technique, a 5-mm puncture 
is made through the webbing of the hind flipper with a steril- 
ized leather punch or Baker’s biopsy punch. The skin punc- 
ture must be placed such that tension is not created when the 
tag is inserted (puncture is too proximal), or such that there is 
too much space between the margin of the flipper and the tag 


Figure 32.10 Examples of external and internal tags for sea otters 
(Enhydra lutris). (a) Flipper tag #113 was applied with a single-puncture 
methodology in interdigital space 1/2, whereas tag #6194 was applied 
with a double-puncture technique in interdigital space 3/4. (b) From left 
to right, implantable instruments include a VHF transmitter (Advanced 
Telemetry Systems, Inc.), time-depth recorder (Wildlife Computers Inc.), 
and LHX2 tag (Wildlife Computers Inc). (Courtesy of Monterey Bay 
Aquarium.) 


(puncture is too distal). With young animals, the tag should 
be fitted to allow for growth. The plastic tag is inserted by its 
open end through the skin hole and then rotated 180° so the 
open end is at the margin of the flipper webbing. The hole in 
the open end of the tag is then filled with glue and a screw 
placed to secure the tag. 

A two-hole punch method for flipper tag application may 
also be used. This method requires two holes in the inter- 
digital web spaced apart by the distance equal to the space 
between the posts of the tag. Once punctures are made, 
the tag is introduced through one hole and advanced such 
that the closed post is placed in the initial entry point and 
the open end through the second hole. The small nipple at 
the open end needs to be cut off and the sharp edge filed 
smooth. A screw is then used to fix the opening closed. This 
method is more time consuming, is less forgiving of measure- 
ment error, and requires a larger interdigital space. Although 
data concerning tag retention are not available, there does 
seem to be a biomechanical advantage with the two-hole 
approach because the weight of the tag is distributed across 
two perforations. 

A number of individuals may be identified by using a 
variety of colors and color combinations. Tags are generally 
placed in one of two locations: either the interdigital webbing 
between digits 4 and 5 or between digits 1 and 2 of the hind 
foot. In some cases, such as when there is damage to the 
preferred interdigital spaces, the webbing between digits 2 
and 3, or 3 and 4, is used. The use of flipper tags for tracking 
purposes may be limited by the number of colors that can be 
distinguished at a distance, tag loss (via damage to the inter- 
digital webbing), or otter presence. 

Historically, flipper VHF transmitters were used to track 
sea otters. This required short-term, relatively intensive mon- 
itoring and they had the advantage of permitting tracking 
without having to resight the animal. Radio transmitters with 
enclosed batteries and antennae were attached to flipper tags 
within a smooth, waterproof nonreactive resin. Placement 
of the flipper radio transmitter using traditional methods 
between digits 2 and 3 or digits 3 and 4 provided some degree 
of increased stability and support. Unfortunately, even with 
reduced size and weight, the repetitive motion of the hind leg 
resulted in tearing of the interdigital webbing. As a result, this 
technology was effectively abandoned until recently. Efforts are 
currently underway to miniaturize the circuit boards associated 
with flipper tag-based transmitters and employ accelerometer- 
generated or solar panel-generated energy, thereby decreas- 
ing tag weight and increasing tag longevity. 

Currently the most effective means of tracking sea 
otters involves the use of intra-abdominal radio transmitters. 
Surgical implantation of radio transmitters into the peritoneal 
cavity of several mustelids and sea otters has been conducted 
successfully by a number of investigators (see Lander et al. 
2001 for historic references). Intra-abdominal radio transmit- 
ters (~10.0 x 6.0 x 2.5 cm, 140 to 180 gm, Advanced Telemetry 
Systems, Inc.) are self-contained with battery, antenna, and 
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transmitter encased in a smooth, waterproof, nonreactive 
epoxy resin (Figure 32.10b). In most cases, the battery life 
of the transmitter is 2 years, although duty cycling may pro- 
long it. Many abdominal VHF instruments have a thermistor 
and the pulse rate varies such that when accompanied by 
an appropriate data logger, core body temperature can be 
monitored from a distance. A mortality switch is also present 
in the transmitter and activated when the body temperature 
of the otter decreases beyond a set point, which indicates the 
otter has died. Distance ranges of implanted transmitters are 
variable, with a maximum range of 0.8 to 1.2 km when the 
receiver antenna is at sea level during calm seas. By mov- 
ing the receiver to a cliff, the range is increased to ~3.2 km. 
Aerial tracking generally will have a range of 8 km. Range 
also is dependent upon otter posture. When the abdomen 
is underwater, either when diving or posturally held under- 
water, the transmitter signal is attenuated, decreasing both 
range and signal strength. The primary advantages to this 
more invasive transmitter application are increased life span 
of the transmitter and increased transmitter range provided 
by larger batteries. 

The technique for surgical implantation of the transmitter 
within the abdominal cavity is straightforward, but complicated 
by the need to return the patient to the water following recov- 
ery from the anesthetic event. For that reason, surgical tech- 
nique, particularly as it applies to tissue handling and suturing, 
is critically important. The technique currently used is simi- 
lar to that originally described (Williams and Siniff 1983), but 
has been updated by frequent users such that the instrument 


Figure 32.11 (Bottom right) Laparoscopic 
image of VHF transmitter in vivo, free floating 
in the peritoneal cavity between loops of small 
intestine in a sea otter (Enhydra Iutris; bot- 
tom right). (Top right) Alexis wound retractor 
provides 360° of circumferential, atraumatic 
retraction. (Left) Alexis wound retractor in use 
during instrument removal from abdominal 
cavity of a sea otter. The white ring is elevated 
away from the body wall after the blue/green 
ring has been secured against the dorsal 
aspect of the ventral body wall. (Courtesy of 
Monterey Bay Aquarium.) 


is now left free floating in the abdominal cavity with addi- 
tional layers of closure using polydioxanone (PDS) rather than 
nylon, prolene, or stainless steel (Murray, unpubl. data; Figure 
32.11). The surgery tends to be well tolerated by most animals, 
with foraging and diving typically observed within hours of 
recovery. The most significant postoperative concerns are the 
formation of surgical site seromas or dehiscence of the incision. 

Overall, the incidence of morbidity or mortality associ- 
ated with abdominally implanted VHF transmitters appears to 
be quite low, but confirmatory data are lacking. Some addi- 
tional sea otter carcasses containing transmitters have been 
examined since the publication of postoperative observations 
described in Lander et al. (2001), revealing cases in which the 
omentum twisted into a cord-like structure with the radio tag 
trapped in a distal pocket. On one occasion, the transmitter 
became wedged within the pelvic canal (Miller, pers. comm.). 
There also have been a few situations whereby abdomi- 
nally implanted instruments were explanted with or without 
replacement. Although the fur-conserving method of skin 
preparation for surgery is adequate for the relatively straight- 
forward instrument implantation, it is far more challenging to 
prevent abdominal cavity contamination when fingers, hands, 
and even forearms are inserted to extract an abdominal 
implant. One approach to mitigate potential contamination is 
the use of secondary surgical drapes, which are attached to 
the subcutaneous tissue creating a barrier between the skin/ 
fur and the incision. This approach is somewhat time con- 
suming, however, and often breaks down as a result of the 
activities associated with abdominal cavity exploration and 
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manipulation. A more simple and effective method involves 
the use of a self-retaining Alexis® wound protector/retractor 
(Applied Medical, Rancho Santa Margarita, CA, USA; Figure 
32.11). This retractor/protector provides 360° of circumferen- 
tial, atraumatic retraction, and prevents inadvertent contami- 
nation of the surgical site with fur and subsequent infection 
(Horiuchi et al. 2007, 2010). The clear sleeve (Figure 32.11) 
allows the surgeon to enter the body cavity several inches 
above the skin incision, thereby eliminating contact with skin 
margins. 

Previous attempts to implant VHF transmitters extra- 
abdominally in the subcutis or between body wall muscle 
layers were unsuccessful (Garshelis and Siniff 1983; Williams 
and Siniff 1983) and recent attempts to radio-tag sea otters 
without entering the peritoneal cavity have not fared well 
either (Murray, unpubl. data). A second generation of extra- 
abdominal tags were equipped with smaller batteries because 
there is less signal attenuation outside of the abdomen, and 
a variety of external “whip” antennas, which were tunneled 
longitudinally or transversely under the skin, were tried. 
These attempts were consistently unsuccessful; however, 
several dehiscences occurred and seroma formation was a 
common sequela even if the instrument was properly posi- 
tioned between the cutaneous trunci and external abdominal 
oblique muscles. Despite attempts to use a variety of antenna 
types (e.g., monofilament, braided wire, straight or coiled 
configurations) or to vary the direction of placement, the 
repeated movements of the otter during swimming, groom- 
ing, or social interactions eventually fractured the wires 
(Figure 32.12). Transmitter failure due to antenna fracture 
was avoided by including a coiled antenna within the potting 
material, but seroma formation was common when placed in 
the position described above. This sequela has since been 
avoided by surgically placing the instrument between two 
more robust body wall muscles (i.e., the internal and external 
abdominal oblique muscles). 

Recent advances in the use of implantable electronic 
devices in human medicine coupled with development of 
peer-to-peer network tag technology in wildlife have provided 
some exciting opportunities for improvements in sea otter 
tagging and tracking (Lindgren et al. 2008). These smaller, 
lighter tags communicate directly with tags in nearby otters 
or fixed receiver stations, downloading data representing the 
tag’s experience as well as data from previous encounters 
with tag-bearing otters. The tags can be surgically implanted 
extra-abdominally between the cutaneous trunci and rectus 
abdominis muscles just caudal to the xiphoid. Following stan- 
dard surgical procedures, the tag is placed within a small (5.0 x 
5.4 cm) or medium (6.5 x 6.9 cm) CorMatrix®CanGaroo™ECM® 
Envelope (CorMatrix Cardiovascular, Inc., Roswell, GA, USA), 
which is then inserted into the surgically prepared pocket. 
The extracellular matrix (ECM) biomaterial is a multilaminate 
sheet of decellularized, noncross-linked, lyophilized ECM, 
derived from porcine small intestinal submucosa (Figure 
32.13). The envelope has been approved by the US Food & 


Figure 32.12 Radiographic image of a sea otter (Enhydra lutris) with a 
subcutaneously implanted VHF radio transmitter with a whip antenna. 
The antenna has retracted from its original straight position and the wire 
has fractured, as indicated by the arrows. (Courtesy of Monterey Bay 
Aquarium.) 


Figure 32.13 Attachment of an extracellular matrix (ECM) envelope 
to the subcutis of a sea otter (Enhydra lutris). A prototype network tag 
can be seen within the envelope. The matrix envelope is gradually 
replaced by tissue ingrowth to provide a secure and stable environment 
for implanted instruments. (Courtesy of Robert Matheny, CorMatrix 
Cardiovascular, Inc.) 
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Drug Administration for use in humans to securely hold a 
cardiac implantable electronic device, such as a pacemaker, 
in order to create a stable environment when implanted in the 
body. When implanted properly, the incidence of seroma for- 
mation, infection, or dehiscence is rare (Sarikaya et al. 2002; 
Medberry et al. 2012). At 90 days post-implantation, the ECM 
envelope has been replaced by the body with a vascularized 
tissue pouch that isolates the instrument within normal tissue 
(Brown and Badylak 2014). This pouch allows easy removal 
and subsequent replacement of the instrument. 

As described with other marine mammals, the use of 
TDRs has increased significantly. These instruments not only 
provide insight about diving behaviors and activity budgets, 
but can also be used to determine energy recovery rates and 
reproductive events in female sea otters (Bodkin, Esslinger, 
and Monson 2004; Tinker et al. 2007; Esslinger et al. 2014; 
Figure 32.14). Consistent with other electronic tagging tech- 
nologies in sea otters, the TDRs must be surgically implanted. 
Although originally implanted free-floating in the abdominal 
cavity, the incidence of untoward events, including mortality, 
was significant (Miller, pers. comm.; Murray, unpubl. data). As 
a result, methodology for implantation of the tag into the rem- 
nant falciform ligament was developed at the Monterey Bay 
Aquarium (Monterey, CA, USA; Figure 32.15). Placement 
of a TDR within the ligament requires a minor modification 
of the traditional intra-abdominal implantation surgery. The 


Figure 32.15 Laparoscopic image of a time-depth recorder (TDR) 
implanted into the falciform ligament of a sea otter (Enhydra lutris) 

2 years earlier. The degree of fibrous tissue formation and neovascular- 
ization is considered normal. (Courtesy of Monterey Bay Aquarium.) 


surgical approach to the abdominal cavity is unchanged. 
Incision through the linea is performed such that the underly- 
ing falciform ligament is not violated. A small pocket capable 
of accommodating the TDR can then be created within the 
ligament itself using gentle digital dissection and pressure. 
The instrument can then be inserted into the falciform liga- 
ment and the entry point closed using traditional suturing 
methods. Once closed, the abdominal cavity may be entered 
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Figure 32.14 Time-depth data tracing (~1 year time period) in an adult female sea otter (Enhydra lutris). The dive profile is at the top of the image 
(blue), whereas the core body temperature is at the bottom (purple). Reproduction-related information is clearly visible in the dataset: (a) elevated 
temperature associated with estrus (note the decreased diving activity during that period); (b) gradual decrease in core body temperature observed 
during late gestation in sea otters; (c) sudden rise in body temperature to baseline associated with parturition; and (d) decreased diving activity for 
several days postpartum. (Courtesy of George Esslinger, United States Geological Survey. Modified from Esslinger, G.G. et al. J Wild! Manage 78: 


689-700, 2014.) 
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through the ligament caudal to the closed pocket for insertion 
of the VHF transmitter. The closure is routine. 

There are two primary advantages to using this technique 
for TDR implantation. First, the instrument is retained within 
a fixed, retroperitoneal location. As a result, the potential 
morbidity or mortality associated with instrument movement 
is avoided. Second, retrieval of the instrument is far less inva- 
sive. Instead of requiring an invasive exploratory laparotomy 
in which the surgeon must enter and manipulate abdominal 
structures, the TDR remains in its prior location just dorsal 
to the linea alba. Retrieval does not require entry into the 
abdominal cavity. The primary disadvantage of the use of the 
falciform ligament is the increased surgical difficulty. Creation 
of the TDR pocket within the structure requires a delicate 
and patient dissection; if the serosal membrane is torn, it will 
not hold the TDR in the desired location and it will become 
an intraperitoneal implant. This increased difficulty, while 
not insurmountable for a relatively experienced surgeon, 
will increase intraoperative time by 5-10 min in most cases. 
Conversely, retrieval surgeries will be shortened by 30-45 min 
as a protracted exploratory surgery is unnecessary. 

Although many of the methods used for tagging and track- 
ing sea otters, such as PIT tagging, flipper tagging, and VHF 
abdominal implants, were initially developed and employed 
decades ago, they remain an important tool for the study and 
management of this species. Like other wildlife species, sea 
otters are benefiting from technological advances, which have 
resulted in less invasive and more efficient and effective tools 
applicable to both ex situ and in situ situations. 


Polar Bears 


Captive polar bears recently have been useful for validating 
data from archival loggers (Ware et al. 2015; Pagano et al. 2017), 
whereas tracking studies of free-ranging polar bears have been 
conducted for several decades (Messier, Taylor, and Ramsay 
1992; Amstrup et al. 2000; Mauritzen et al. 2002; Durner et al. 
2009; Laidre et al. 2015). Because polar bears occupy one of 
the most remote habitats in the world, conventional satellite 
telemetry through the Argos system has been predominantly 
used to discern their movements and activities, though recent 
improvements in GPS (Cherry, Derocher, and Lunn 2016) and 
Iridium (Smith and Aars 2015) technology on collars have 
allowed for the collection of more high-resolution tracking 
data. Instruments on collars otherwise need to be retrieved 
by using a drop-off collar (via timed release mechanism, cor- 
rodible links, or breakaway materials) or by recapturing the 
individual. Most collars are deployed with release mechanisms 
so the bear only wears the collar as long as necessary. 
Satellite transmitters primarily have been used on col- 
lar attachments around the neck of adult female polar bears 
(Figure 32.16) and can provide more than 3 years of data if 
duty-cycled (Durner et al. 2009; Laidre et al. 2015). Tracking 
studies have been largely limited to females because male 


Figure 32.16 Adult female polar bear (Ursus maritimus) with satellite 
collar shown immobilized with her two cubs. (Courtesy of Kristin Laidre.) 


polar bears have necks that are larger in diameter than 
their heads, which enables them to quickly shed a collar. 
Moreover, juveniles are not tracked with collars so as to avoid 
injury with growth (Amstrup et al. 2001). Although alterna- 
tive methods have been assessed for tag attachment (Mulcahy 
and Garner 1999; Born, Sonne, and Dietz 2010), these studies 
resulted in limited success. For example, the reduction in size 
of transmitters has allowed for tests of small ear mounted tags 
for subadults and adult male bears (Laidre et al. 2012), but 
problems associated with irritation of the ear, antenna failure, 
and size of the transmitters have prevented long-term attach- 
ments and tracking periods (Born, Sonne, and Dietz 2010). 
Additionally, transmitters glued to the fur of polar bears only 
provided short-term data (Born, pers. comm.) and implanted 
transmitters resulted in reduced transmitter longevity (rela- 
tive to projected life span) and tag loss (Amstrup et al. 2001). 
Thus, collar attachments continue to be the most common 
approach for tracking polar bears. Collar attachments have 
had no effects on body condition, reproduction, cub survival, 
or polar bear recovery rates (Rode et al. 2014). 


Conclusions 


Tag technology and attachment procedures are constantly 
advancing and there are many options to consider for track- 
ing marine mammals, whether it be a field study with free- 
ranging individuals, intervention operations with stranded or 
entangled individuals, or a post-release monitoring plan for 
rehabilitated individuals. Tag choice and experimental design 
will ultimately depend on a given species and environment, 
tag invasiveness, and how one chooses to define and measure 
post-release success in cases of intervention or rehabilitation. 
To date, a systematic framework or set of criteria has not been 
established to assess post-release success (and hence efficacy 
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of rehabilitation and response processes), nor has there been 
a comprehensive effort to examine post-release data relative 
to initial cause of stranding, duration of rehabilitation, type 
of treatments, and facility conditions (Wells et al. 2013a). It 
has been suggested, therefore, that these data be used for 
guiding future approaches to rehabilitation to maximize 
care, probability of individual survival, and contribution to 
the population as a whole (Wells et al. 2013a). Furthermore, 
standardization of data collection protocols for monitoring 
released animals (e.g., type and quantity of data, appropriate 
controls and metrics of fitness, power analyses, etc.) coupled 
with data dissemination to the stranding network is highly 
recommended and will aid in the assessment of marine mam- 
mal rehabilitation and release programs in the future (Moore 
et al. 2007; Whaley and Borkowski 2009; Morrison et al. 2012). 
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Introduction 


Marine mammals are regularly moved between zoological 
parks, and transport of stranded, debilitated, wild marine 
mammals occurs during the work of rescue and rehabilita- 
tion. With careful attention to health, physiology, and welfare, 
and the use of technology appropriate to the type of animal, 
specialized transport techniques and equipment have been 
developed to provide for the special needs of marine mam- 
mals, allowing safe, successful transportation. The specialized 
requirements have been developed over years of experience; 
live marine mammal transport has been documented as far 
back as the sixteenth century. 


Regulations and Standards 


For the professional movement of marine mammals, it is criti- 
cal to be aware of and comply with, local, state/provincial, 
federal, and international laws and regulations regard- 
ing transportation. Animal transportation standards have 
been established by both the United States Department of 
Agriculture Animal and Plant Health Inspection Service 
(USDA-APHIS; for within the United States) and internation- 
ally by the International Air Transport Association (IATA), 
the latter’s standards officially recognized by the Convention 
on International Trade in Endangered Species (CITES) and 
the Office International des Epizooties (OIE) as guidelines 
for transporting animals by air. Both organizations provide 
guidance documents that should be reviewed and consulted 
accordingly. Under USDA-APHIS regulation, the Animal 
Welfare Act and Animal Welfare Regulations Blue Book (US 
Department of Agriculture 2013) Subpart E provides guid- 
ance on the care and handling requirements for the safe and 
humane transportation of marine mammals, including polar 


CRC Handbook of Marine Mammal Medicine 799 


800 Marine Mammal Transport 


bears (Ursus maritimus) and otters. It includes specifications 
for consignments to carriers and intermediate handlers, pri- 
mary enclosures used to transport marine mammals, primary 
conveyances, food and water requirements, care in transit, 
terminal facilities, and methods of handling. These transpor- 
tation standards were last updated in 2001. 

Cargo handling guidelines published by IATA (ATA 2015- 
2016) state that all IATA members are expected to adhere to 
the Live Animals Regulations (LARs) and that “These regula- 
tions are there to ensure that live animals are handled and 
transported in such a way that their welfare is top of mind by 
all parties involved and that they always travel in safe, healthy 
and humane conditions.” The marine mammal LARs were last 
updated in 2012. 


General Considerations and 
Preparation for Healthy, 
Nonstranded Marine Mammals 


Safe, humane, and ultimately successful transportation of 
marine mammals can be routinely achieved with constant 
attention to detail and proper planning, preparation, commu- 
nication, and implementation. All marine mammal transports 
require full and detailed planning, including the specifics on 
animals to be moved, the equipment with which to safely 
move them, the personnel required, the timing and schedul- 
ing of the move, the proper permits and notifications, and of 
course, the vehicles needed to complete the move. 

All animals should receive a complete physical exami- 
nation prior to any planned transport. Pretransport exami- 
nation is necessary to, as accurately as possible, determine 
the health status of the animal and its fitness for transport. 
Whenever possible, animals should be healthy prior to trans- 
port. Transport for rescue and rehabilitation is the obvious 
exception, when animals are moved for the purpose of treat- 
ment; in these cases, their transport is considered in the rela- 
tive risk assessment for the overall benefit of the debilitated 
animal. The pretransport examination should include a physi- 
cal exam, appropriate clinical laboratory testing, and any spe- 
cific testing for infectious diseases, as required by regulatory 
agencies or receiving facilities. 

Pretransport behavioral conditioning, for animals that 
are cared for with a positive reinforcement behavioral train- 
ing program (see Chapter 39), can help to prepare the ani- 
mal behaviorally for the transport. This work would include 
approximations to transport boxes, stretchers, and cages, and 
may even include short-duration transports. This desensitiza- 
tion work can reduce possible anxiety or stressors associ- 
ated with a novel event like transportation. As a general rule, 
healthy marine mammals should be fasted for 12-24 hours 
prior to transport—however, note that sea otters (Enhydra 
lutris) are an exception to this rule. Fasting reduces the likeli- 
hood of vomiting or regurgitation during transport. Further, 


it can reduce fouling associated with defecation during the 
transport. 

The equipment required to move marine mammals is 
determined largely by the particulars of the species and is 
described in greater detail in the taxon-specific sections 
below. However, prior to any transport, all related equipment 
must be thoroughly inspected for strength and condition. Any 
wear or material fatigue is best identified and resolved well 
prior to the actual animal transport. This includes proper 
identification of any heavy lifting equipment (e.g., forklifts, 
cranes) as well as the personnel required to operate such 
equipment. 

US federal regulations specify that marine mammals be 
attended to during transport. It is recommended there be at 
least one experienced attendant for each transported marine 
mammal. This person should not only be experienced in ani- 
mal husbandry but also have emergency medical equipment 
on-site and know how to use it. 

Proper timing of the transport is based on multiple vari- 
ables, including the species and season, ambient temperature 
(e.g., cooler seasons are better times to move polar bears), 
and many other considerations. The goal of every marine 
mammal transport is to complete the move safely and in the 
shortest time possible. Diurnal timing can be critical to the 
success of the transport. Many transports are planned to 
avoid predictable interference (such as travelling at night to 
avoid traffic and reduce the likelihood of encountering an 
accident or traffic jam). 

The pretransport plan should include proper submission 
of all required permits and documents associated with inter- 
state or international transfer. Required documentation for the 
animals should accompany the animals during the transport; 
regulatory agents will commonly inspect the animals and 
cargo at both ends of the move. Similarly, attendants will 
require security clearance documentation approved well prior 
to the transportation date. 

Appropriate vehicles (.e., trucks, aircraft) are necessary 
for any marine mammal transport. Vehicles should be known 
to be in good working condition prior to the scheduled move. 
When transporting by road, protect animals from exhaust 
fumes, direct sun, heat, wind, and freezing temperatures 
(Geraci and Lounsbury 2005). The planned route of travel 
must be examined ahead of time with attention to road condi- 
tions, such as overhead clearances (e.g., trees, electrical wires, 
low bridges), as well as any special limitations on weight or 
size. If the load is excessively heavy or overly wide, special 
permits may be required and must be obtained in advance 
of transport. A whale transport unit is usually carried on the 
back of a flatbed or lowboy trailer pulled by a diesel trac- 
tor. It is best if the tractor is equipped in a manner such that 
the exhaust is directed toward the road surface to minimize 
exposure of the animals and human attendants. Redundancy 
of trucks (an extra, empty truck or tractor) is a good insur- 
ance policy against possible mechanical failure of the primary 
transport truck. Based on the possibility of problems, there 
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must always be contingency plans to ensure the welfare of 
the animals being transported. Such plans require adequate 
personnel and equipment, either to return animals to holding 
facilities if the transport is aborted or to care for the animals if 
a delay occurs at an unexpected location. Certainly, the trans- 
port should be canceled if there are no contingency plans 
prepared to manage significant delays. In essence, the con- 
tingency plan should address every step to prevent or resolve 
every possible error or failure (mechanical or human) that 
could occur during the transport. Attendants accompanying 
cetacean transport units must be briefed prior to transport 
concerning all aspects of safety. The cargo is critically pre- 
cious; animal health and safety, along with that of the human 
attendants, is the most important thing. 

A special permit allowing attendants to ride on the back 
of trucks may be required in some areas. Escort vehicles 
may precede and follow the caravan, and communications 
between all vehicles in the convoy can be maintained using 
radios or cellular phones. In many areas, notifying the appro- 
priate authorities G.e., police, highway patrol) of the planned 
move and route will aid ground transport and may eliminate 
traffic delays. An on-the-ground logistical team formed prior 
to transport can help coordinate communications among 
involved staff (i.e., husbandry, administration, media interest) 
at the time of transport itself. 


Taxon-Specific Considerations 


Cetaceans 


Cetaceans spend their entire lives in water, which provides 
uniform support by equal distribution of pressure over the 
entire body (Ridgway 1972). The result is a near-weightless 
condition in which the animals have evolved their normal 
respiration patterns. Additionally, water rapidly dissipates 
cetacean metabolic heat at 25 times the rate of air (Ridgway 
1972). As a result, when removed from their free-swimming 
state, the primary criteria that must be met to transport ceta- 
ceans successfully are (1) adequate body support for their 
comfort and normal respiration and (2) a temperature control 
mechanism to assist with thermoregulation (Figures 33.1 
and 33.2). Body support techniques have been developed 
to support normal breathing in cetaceans during transport. 
Cetaceans are moved in fabric stretchers (Figure 33.1) and 
suspended in water-filled transport units, closely approximat- 
ing the near-weightlessness of water. 

Temperature control is of paramount importance. Since 
most of a cetacean’s body is enclosed within a layer of thick, 
insulating blubber, thermoregulation in the water is con- 
trolled through constriction or dilation of the peripheral ves- 
sels in the heavily vascularized pectoral flippers, tail flukes, 
and dorsal fin Glijper 1979). Consequently, cetaceans are less 
able to dissipate excess heat when removed from the water, 
due to the lower thermal conductivity of air. 
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Figure 33.1 Cetacean stretcher. Note the holes for pectoral flippers 
lined with fleece to prevent rubbing and skin abrasions. (Courtesy of 
SeaWorld.) 


Thermoregulatory assistance can be provided in several 
ways. Suspending the cetacean within a water-filled container 
will allow water temperature adjustments according to the 
animal’s needs. In an aircraft or enclosed-truck transport, the 
interior air temperature may also be adjusted. It is best to 
conduct overland cetacean transports in open trucks at night 
or on overcast days to prevent sunburn. If this is not possible, 
light, moistened towels may be placed over the cetacean’s 
skin (taking care to avoid the blowhole) to prevent sunburn 
and desiccation. 

Cetaceans are generally not fed for 24 hours prior to ship- 
ment to minimize the volume of body wastes discharged into 
the transport container and to reduce or eliminate risk of 
vomiting or regurgitation, which may increase risk of aspira- 
tion or other complications, during transportation. 

The initial step in cetacean transport is lifting the whale 
or dolphin from its pool or holding facility in a custom-fitted 
stretcher made of soft material, generally nylon or canvas 
(Figure 33.1). These stretchers may be lined with wool or 
chamois, if desired, to minimize the possibility of abrasion. 
Stretchers must be constructed according to accurate mea- 
surements of the body of the cetacean species and individual, 
to ensure proper fit and provide the best distribution of body 
weight along the stretcher. Properly fit stretchers allow for 
the animal’s flukes to protrude from the caudal end without 
restriction and for the rostrum to extend from the anterior 
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Figure 33.2 Dolphin transport unit Adjustable 


cutaway. (Courtesy of SeaWorld.) 
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end. Paired openings in the stretcher allow the pectoral flip- 
pers to extend in an unrestricted, natural position (Ridgway 
1972; Cornell 1978). 

The animal is positioned in the stretcher so that pres- 
sure is not increased on specific points along the body or 
flippers, which might lead to pressure necrosis or abrasion. 
Attendants should periodically check around the animal’s 
head to be sure the stretcher is not contacting the animal’s 
eyes and to minimize any risk of ocular trauma. During load- 
ing, every effort must be made to avoid abrading the highly 
vascularized skin of the cetacean. The danger of pressure 
necrosis is greatest in the axillary region Gust posterior to 
the insertion of the pectoral flippers). Metal poles supporting 
the stretcher must be sturdy enough to support the weight 
of the cetacean, even if the weight suddenly shifts. The pole 
ends should be rounded or covered with caps to eliminate 
sharp edges. Rope, nylon webbing, chain, or vinyl-covered 
steel cable may be used to connect the stretcher poles to 
the lifting crane. Eyebolts on the stretcher poles where the 
lifting tackle is attached should be padded to prevent lacera- 
tions and abrasions to both cetaceans and personnel. When 
engaged through the eyebolts, lifting hooks must face away 
from the animal. Body surfaces likely to be exposed to the 
drying effects of air may be covered with a water-based pro- 
tective ointment or kept wet by spraying or dousing with 
water to prevent desiccation (Cornell 1978). 

Cranes are required to lift most cetaceans safely and effi- 
ciently, because of the animal’s weight and the possibility 
that it may move while being lifted. The crane’s lifting capac- 
ity must be equal to the animal’s weight plus an acceptable 
safety factor. At the location of the cetacean lift, the support- 
ing surface should be inspected, and all details of the lift 
must be discussed with the crane operator. Hydraulic cranes 
are preferred over mechanical cranes because they operate 
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more smoothly. For safety, a cetacean must be kept as low 
to the ground as practical during all phases of the lift. Tags 
and/or guidelines (ropes that allow personnel to control the 
swing and direction of the stretcher) must be attached to the 
stretcher, not to the eyebolts, where they might bind with lift- 
ing tackle. When lifting small cetaceans («400 kg; <880 Ib), 
two tags or guidelines should be used. These should be 
attached to the stretcher poles on opposite ends. For large 
animals (>400 kg; >880 Ib), four lines should be used, two at 
each end attached directly to the stretcher poles. Guidelines 
should be attended during all phases of the lift to control 
unwanted motion. 

Once fitted into its custom stretcher, the cetacean is 
lowered into a watertight transport unit of appropriate size, 
allowing the animal clearance from the ends, sides, and bot- 
tom of the transport unit (Figures 33.2 and 33.3). 

Transporters currently in use at SeaWorld are con- 
structed of fiberglass-covered foam, polyvinyl chloride sheet 
stock (Divinycell, DIAB, Inc., DeSoto, TX, and Diab Group 
International, Laholm, Sweden), or marine plywood. Some of 
these transport units are reinforced and protected by a steel 
frame (Figures 33.4 and 33.5). 

A removable lining of vinyl is installed on the inside walls 
of the transport unit to prevent abrasions (Figures 33.6 and 
33.7). 

Lids or baffles are secured over both ends of the unit to 
reduce the possibility of water spillage. A stretcher support 
system may be incorporated into transport units to enable 
attendants to adjust the position of the animal easily by rais- 
ing or lowering the stretcher poles during loading or transport 
(Figure 33.8). 

Once positioned within the transport unit, sufficient fresh 
water is added to submerge the lower 2/3 to 3/4 of the ani- 
mal’s body. Saltwater should generally not be used, because 
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Figure 33.3 Beluga whale transport unit cutaway. (Courtesy of SeaWorld.) 


Figure 33.4 Large cetacean transport unit. Note metal framing for 
structural support. (Courtesy of SeaWorld.) 


of potential damage to aircraft components if spillage occurs. 
Cetacean health and welfare are not compromised when 
housed in fresh water for short «48 hours) periods of time, 
and fresh water may help support the animal’s hydration dur- 
ing transport. Suspension in water provides cooling and buoy- 
ancy, permitting normal, exertion-free, respiration throughout 
transport. If transported in an adequately supported posture, 
there should be little or no detectable variation in respiratory 
quality during transport (Cornell 1978). The temperature of 
the water in the transport unit should be the same or close 
to the temperature to which the cetacean is habituated. If the 
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cetacean is being moved from water of one temperature to a 
different temperature, it is best to have the water in the trans- 
port unit at a temperature between the two. If the ambient air 
temperature is significantly warmer than the temperature of 
the water in the transport unit, ice may be added to maintain 
the appropriate water temperature. 

Most long-distance cetacean transports involve aircraft. 
Large cargo aircraft are preferred because of the size and 
weight of the animals and their transport units (includ- 
ing water). However, the relatively small size of many air- 
craft cargo doors can present a significant challenge. Thus, 
it is critical to confirm that the transport unit and associ- 
ated equipment will fit easily through the cargo door of the 
transport aircraft prior to transport. Accurate weights on the 
animal transport units and other support equipment must 
also be obtained so the aircraft can be balanced properly. 
Additionally, the aircraft needs to have equipment ready to 
secure the load safely to prevent shifting during flight. Due to 
the complexities of marine mammal transport, it is beneficial 
to establish a positive working dialogue with local airport and 
air carrier service personnel periodically, either in person or 
by written correspondence. 

Depending upon the size, weight, and configuration of 
the transport unit, various types of loading and unloading 
equipment may be used, including platform loaders, fork- 
lift trucks, and cranes. Platform loaders and forklift trucks 
decrease loading time, but equipment with adequate lifting 
capacity is not always available and often must be sched- 
uled in advance. Mechanical problems or inclement weather 
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might necessitate landing at an alternative airport rather than 
the originally scheduled destination. For these reasons, large 
cetacean transport units should be designed and constructed 
for lifting by a crane, since one is usually available on short 
notice. However, crane companies frequently will not have 
the proper equipment to lift large cetacean transport units 
safely, making it essential that tackle such as steel cables, 
spreader bars, and shackles accompany transport units at all 
times. Trained animal care personnel should remain at the 
airport until the transport aircraft takes flight, to provide sup- 
port in the unlikely event that mechanical problems cause 
takeoff delays or require deplaning. 

Attendants accompanying the cetacean air transport 
should take time to brief the flight crew before takeoff regard- 
ing the appropriate angle of takeoff and descent (both of 
which should be as gradual as possible to avoid spillage from 
the transport unit), as well as cabin pressure and air tem- 
perature. Altitude or cabin pressure inside the aircraft should 
be maintained at or below the equivalent of 1,067 m altitude 
(3,520 fD, as cetaceans appear to be susceptible to the effects 
of high-altitude sickness (acute mountain sickness). Keeping 
the cabin air temperature the same as the temperature of the 


Figure 33.5 Large cetacean transport unit. (Courtesy of SeaWorld.) 


water in the transport unit will help to support the water tem- 
perature. This dialogue and agreement with the flight crew 
is a critical component of a safe and successful air transport. 
Open dialogue allows for quick response if and/or when 
problems arise. 

US federal regulations specify that marine mammals 
be attended during transport. At least one experienced 
attendant for each transported cetacean is recommended. 
This person should not only be experienced in animal hus- 
bandry, but also have emergency medical equipment on- 
site and know how to use it. The experienced attendant 
will also ensure close attention to each animal’s behavior, 
which can lead to early detection of abnormalities in res- 
piration, posture, and activity level, and thereby provide 
attendants the ability to rapidly and properly correct prob- 
lems. Attendants should have ready access to personal pro- 
tective equipment (i.e., rain gear, wet suit, waders, gloves) 
to aid in animal repositioning, should it be necessary dur- 
ing transport. Attendants can also prevent desiccation of 
the cetacean’s skin and the subsequent development of “hot 
spots” (which later blister and slough), by regularly wetting 
exposed skin with water. 
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Figure 33.6 Cetacean transport unit with padding, no liner. (Courtesy of 
SeaWorld.) 


Appropriate equipment for unloading and ground trans- 
port is necessary at the destination airport. Such equipment 
must be in position at the airport prior to the arrival of the 
aircraft to avoid delays. 

Upon arrival at the final destination, the cetacean is 
removed from the transport unit while still suspended in its 
fabric stretcher, lowered into a pool of water, and released. 
Such pools need not be shallow or small, but plans and 
equipment should be available in case the transported animal 
needs assistance, immediately following release or in subse- 
quent days. 

Animals must remain under close observation for at least 
the first 24 hours following transport. Respiratory rates must 
be monitored and food offered frequently. Follow-up physical 
examinations and hematological examinations are prudent 
within the week following transport, or sooner if problems 
arise. 

Historically, cetacean health problems associated with 
transport were due to equipment failures. Animal health prob- 
lems resulting from early, unsophisticated cetacean transports 
included muscular stiffness upon return to water, depres- 
sion of appetite, anemia as a result of abrasions and blood 


Figure 33.7 Cetacean transport unit with padding and liner, no 
stretcher. (Courtesy of SeaWorld.) 


Figure 33.8 Cetacean transport unit with padding, smooth viny] liner, 
and stretcher in place. (Courtesy of SeaWorld.) 
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loss, pressure necrosis, and occasional respiratory infections. 
Because of the improved transport techniques used today, 
which provide appropriate water temperatures and allow for 
more natural range of motion (lateral and vertical flexion), 
muscular stiffness is minimized or avoided entirely. 

Properly transported cetaceans resume feeding immedi- 
ately upon removal from their transport units, especially ani- 
mals that have experienced transport previously. Abrasions 
and pressure necrosis are avoided through the use of fit- 
ted stretchers, nonabrasive materials, and proper position- 
ing within the stretcher and transport unit. The utilization 
of modern rapid transport has decreased or eliminated the 
previously common use of antibiotics and corticosteroids for 
the prevention and treatment of transport-related respiratory 
infections. Proper support equipment, well-trained and expe- 
rienced personnel, and strict attention to logistical details are 
important factors influencing the success of any cetacean 
transport. 


Pinnipeds 


Pinniped transport is less complex than that of cetaceans 
because pinnipeds (including otariids, odobenids, and pho- 
cids) live a semiaquatic existence and are able to tolerate 
long periods out of water if kept cool and/or moist. Cool air 
temperatures ranging from 5°C_ to 13°C (41°F to 55°F) are 
recommended if transported by air or enclosed truck, but 
not mandatory unless the pinnipeds are exhibiting evidence 
of discomfort or hyperthermia. Provisions for cooling, such 
as ice and water sprays, should always be available during 
transport. Ice may be placed within the transport unit, pro- 
viding a fresh water source and cooling for the animal. As an 
alternative, ice may be placed on top of transport containers 
to furnish a cooling drip during transport. As with cetaceans, 
pinnipeds should be fasted for 24 hours prior to the move 
and generally should not be fed during transport (periods 
of fasting of up to 24 hours are well tolerated by pinnipeds 
and reduce the likelihood of gastrointestinal upset or vomit- 
ing during transport). Access to fresh drinking water should 
be provided for long-term transport (>12 hours) and during 
intertransport intervals. 

Transport containers must be well ventilated, be strong 
enough to contain the animal(s) being moved, and possess 
watertight bottoms extending at least 25 cm (10 in.) up the 
cage sides to prevent spillage of wastes and water. Any wood 
or metal used for cage construction must be free of sharp 
edges, splinters, or burrs on the interior surface. The open- 
ings in a wire or net mesh must not exceed 5 cm (2 in.) to 
prevent possible trauma during investigation or attempts to 
escape (Ridgway 1972; Figure 33.9). 

Pinnipeds may be transported singly, especially in the 
case of large or aggressive individuals (e.g., adult males), or in 
small groups. It is best to avoid overcrowding, as it can lead 
to overheating, as well as challenges if intervening on behalf 
of individual animals is needed. Cage dimensions must be 


Figure 33.9 Large pinniped transport unit. Note the smooth surfaces 
and small spaces to protect the animal from injury during transport. 
(Courtesy of SeaWorld.) 


large enough to allow animals to turn around and exhibit 
normal posturing during transport. As with cetaceans, the 
presence of qualified attendants is required by US law; plus, 
these attendants must note and correct any problems that 
may arise during transport. Depending upon the size of the 
animals, nets and gloves should be available to assist in the 
handling of an animal for clinical intervention or to provide 
supportive care should it become necessary during transport. 


Sea Otters 


Sea otters can be safely transported but require special care 
due to their high metabolic rate and dense fur coat. Because 
of their high metabolic rate, sea otters need to be fed refriger- 
ated food items, such as clams and shrimp, before and dur- 
ing transport. Sea otters are as temperature-sensitive during 
transport as cetaceans, maintaining primary thermoregulation 
(cooling) through foot contact with water. Therefore, place a 
layer of ice on an elevated, draining cage floor, to serve as a 
source of fresh water and cooling for the animal. 

Sea otter transport cages may be constructed of wood, 
fiberglass, or smooth metal with mesh side panels, allow- 
ing good ventilation and unobstructed observation (see 
Chapter 44). The use of nylon netting instead of metal 
mesh for the side panels has minimized dental damage. A 
perforated floor can be placed above the waste-containing 
watertight cage bottom, allowing uneaten food, feces, urine, 
and melting ice to fall through. Cage bottoms should be 
removable, allowing emptying of waste during transport 
(Fitz-Gibbon and Hewlett 1984). Plastic sky kennels are not 
recommended, because they may provide inadequate ventila- 
tion, and the steel mesh door or side vents may cause dental 
trauma. Furthermore, sky kennels can promote fur soiling by 
forcing the otter to lie in its own waste products. However, 
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sky kennels can be modified with the addition of bottom 
grates that will allow the animal to sit up off the floor and 
may prevent fouling. Cage sizes must be large enough for the 
otter to turn around and groom freely. As with other species, 
the presence of an attendant is required by US law and is 
as imperative for sea otters as it is for pinnipeds and ceta- 
ceans. Thermoregulatory status must be constantly monitored 
because hyperthermia is the greatest obstacle to successful 
sea otter transport. Lethargy, panting, and limbs that are 
warm to the touch are all signs of overheating in sea otters. If 
the otters become too warm, spraying with cool water or pro- 
viding ice inside the carrier is helpful. It is important to keep 
a sea otter’s fur as clean as possible during transport. Soiled 
fur can be gently rinsed with a fresh water sprayer. 


Sirenians 


Transport of sirenians is less complex than that of cetaceans, 
pinnipeds, or sea otters because they are tolerant of somewhat 
warmer temperatures. However, they are still at risk of hyper- 
thermia. Transport is best accomplished using a temperature- 
controlled (18—23°C; 64-73°F) truck or airplane; attendants 
should keep the animal’s skin moist to aid in cooling. 

Manatees (Trichechus manatus) are easily transported 
out of water on soft, closed-cell foam in a watertight con- 
tainer constructed of fiberglassed Divinycell or marine ply- 
wood. These containers should be slightly larger in length 
and width than the manatee, to enable the animal to make 
normal postural adjustments. Initially, animals may move 
around considerably; however, they soon settle down and 
begin resting comfortably in a ventral, lateral, or dorsal posi- 
tion. During air transport, standard nylon aircraft tie-down 
straps are used over the open tops of the containers to avoid 
any vertical movement of the animals that may be caused 
by air turbulence. Fresh water spray can be applied through- 
out the transport process to aid in cooling. Manatees do not 
require feeding during transport, because of their slow meta- 
bolic rates. Fasting prior to transport produces a negligible 
change in waste output. Any solid stool passed during trans- 
port must be removed in a safe and sanitary manner 


Polar Bears 


Transport of polar bears requires metal caging sturdy enough 
to contain and support the bear safely and needs to include 
a watertight cage floor to catch waste. The height of the con- 
tainer must allow the animal to stand on all four legs with 
its head extended; the length of the container must permit 
the animal to lie in the prone position. Polar bears should be 
able to turn around, although there must be at least 10.2 cm 
(4 in.) clearance around the animal when standing in a nor- 
mal position (Association of Zoos and Aquariums 2009). Polar 
bears are best transported during cool weather. Aircraft cabin 
or enclosed-trailer temperatures should be maintained below 
13°C (55°F) during flight or ground transport. If a segment 


of the route involves transport outside a refrigerated vehicle, 
ice must be provided either within or on top of the cage. 
This ice can also provide a fresh water drinking source during 
extended transports. Food is not necessary during transport. 
Upon arrival, it may be a few days before the animal becomes 
acclimated enough to begin feeding. 

Polar bears should be shipped individually due to their 
size and carnivorous nature, and they must not be released 
from their transport containers under any circumstances 
during the shipping process. Polar bears should be kept in 
darkened containers during transport to avoid aversive stim- 
uli from their surroundings. Crate doors should be secure 
to prevent rattling. Some polar bears can become aggres- 
sive in response to stressors from outside noises and activ- 
ity. When transported via air, animals should be placed in 
temperature-controlled quiet rooms at the airport, if available. 
During transport, containers should be located away from 
loud noises and people (Association of Zoos and Aquariums 
2009). Intratransport tranquilization should only be used as a 
last resort, as it may compromise the animal’s thermoregula- 
tory mechanisms. 


Transportation for Rescue 
and Rehabilitation 


Transportation, commonly of short distance and duration, is 
utilized for the recovery and transfer of live, stranded marine 
mammals from the beach or shore to rehabilitation and care 
locations. These transports do not always require the full 
complement of equipment and conditions described above 
and used for moving live animals between zoological facili- 
ties. Under the right conditions, stranded dolphins, for exam- 
ple, can be moved safely if placed on two layers of closed-cell 
foam, supported by a number of human attendees on either 
side of the animal to support it in ventral recumbency (prone 
position), in a temperature-controlled truck, while kept cool 
through continuous spray with cool water. Care must be 
taken to avoid the flukes, as recently stranded cetaceans may 
struggle during transport. Sedation may or may not be indi- 
cated for these short emergency transports (see Chapter 40 
for medical care of stranded cetaceans). 

Small pinnipeds (young or female otariids and phocids) can 
be moved quickly and safely if placed in a large or extra-large 
dog kennel (e.g., Vari-kennel, Doskocil Manufacturing Company 
Inc. DBA Petmate, Arlington, TX) and transported in a climate- 
controlled enclosed or open-air pickup truck. Transport cages 
must still be large enough to allow the animals the space to 
safely turn around, to lie in prone position, and to stand up. 
Customized metal crates are used for larger pinnipeds. 

These accommodations are made in the interest of 
expedience to safely and quickly remove the compromised 
animal from a dangerous environment and deliver it to a 
location where acute and critical care can be applied. In 
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these scenarios, the relative risk of morbidity and mortal- 
ity from inaction is greater than the risks associated with 
transport. 


Additional Animal Health 
Considerations 


It bears repeating that the primary goal of marine mammal 
transport is safe and humane transfer of the animal between 
locations. This should apply to both the animal’s behavioral 
and physical well-being. 

Efforts should be made to reduce or eliminate any pos- 
sible transport-related stressors. Animals that have never 
been transported before should be given the opportunity to 
become familiar with the transport container. This means 
allowing the animal to enter the container or a similar unit in 
a way that allows it to become accustomed to the container 
prior to transport. In the case of cetaceans, this means arrang- 
ing to put the animal into a stretcher and loading it into the 
water-filled transport unit. Allowing the animal to become 
desensitized to the transport device before the actual event 
is well worth the investment in time and effort. This makes 
the process less stressful for the animal and also allows the 
transport staff to become aware of the type of behaviors to 
be expected. 

Prior to transport, a decision must be made regarding 
sedation. If the animal is expected to travel without difficulty, 
pretransport sedation is unnecessary. Indeed, the use of seda- 
tion is never automatic, nor should it be considered routine. 
However, for animals that are naive to transport, appropriate 
and judicious use of sedation can ease the animal through 
transport and may serve to reduce stressors. 

Oral diazepam is an effective medication for transport 
sedation/relaxation and should be given 30-60 minutes before 
any transport-related activities are apparent to the animal (see 
Chapter 27); in the case of cetaceans, this means before the 
pool water is lowered or before the animals become aware of 
any other unusual activity or atypical accumulation of people. 
In spite of the fasting recommendations, the oral administra- 
tion of diazepam does not seem to produce any problems. 
In manatees, pretransport administration of sedation can be 
given by intramuscular injection or by nasogastric intubation 
in a bolus of fresh water. If an animal’s activity during trans- 
port is deemed to be potentially threatening to its health, 
appropriate sedation should be administered. Diazepam 
or midazolam, alone or in combination with meperidine/ 
pethidine, has been the most widely used for transport seda- 
tion (see Chapter 26). 

Although fasting for most species (except for sea otters) 
is generally recommended during a transport, the availabil- 
ity of refrigerated food fish may be helpful for the admin- 
istration of oral medication and as an occasional method 
of testing the behavioral condition of the animal being 


moved. Offering fish can also provide a useful diversion 
for an animal upset by transport activities; animals that are 
alert, aware, and calm will generally be willing to eat, even 
during transport. 

Appropriate record keeping and health monitoring of 
marine mammals by trained attendants can improve the 
caregiver’s ability to identify problems early. Periodic cur- 
sory physical exams (including respiratory rate and character, 
heart rate assessed by palpation or by electrocardiography, 
core body temperature, attitude, and alertness) should be per- 
formed throughout the transport, and the results recorded for 
review and trends analysis. 

As mentioned previously, the use of vinyl liners in ceta- 
cean transport units will minimize the possibility of skin 
abrasions. This is very important because most cetaceans 
can demonstrate prolonged bleeding times from external 
wounds when in fresh water. In the event that an abrasion is 
hemorrhaging, ferric subsulfate 4% iron; Medical Chemical 
Corporation, Torrance, CA; or Kwik-Stop, Arc Laboratories, 
Atlanta, GA), applied topically, is usually effective. Yunnan 
Paiyao (Yunnan Paiyao Factory), a Chinese herbal medica- 
tion, applied topically or given orally, also appears to be use- 
ful for decreasing bleeding time. 

Cetaceans will occasionally become tachypnic during 
transport. The causes for this can range from life-threatening 
to insignificant. A dolphin may act as if it is experiencing mild 
colic. In most cases, these signs are the result of flatus, which 
is relieved when the gas passes. Cetaceans experiencing 
apparent high-altitude sickness (acute mountain sickness) can 
exhibit similar symptoms. However, this condition does not 
go away untreated and is life-threatening. Double-checking 
and maintaining control of cabin pressure (described above) 
appears the best method of dealing with this disease. Since 
previous attempts to treat altitude sickness in cetaceans have 
met with limited success, prevention is the best approach. A 
well-planned transport with appropriate equipment, and exe- 
cuted in a professional manner, results in minimal require- 
ment for medical intervention. 


Conclusions 


Safe, humane, and ultimately successful transportation of 
marine mammals may be routinely achieved with constant 
attention to detail and proper planning, preparation, commu- 
nication, and execution. For cetaceans, care must be taken to 
ensure correct support of the animal while in transit. In the 
case of all marine mammals, and especially with sea otters, 
attention must be given to the thermoregulatory needs to pre- 
vent overheating. Competent attendants must be constantly 
aware of each animal’s condition to ensure the animal is trav- 
eling comfortably. The logistics of proper marine mammal 
transport must include, but not be limited to, proper plan- 
ning, adequate staffing, correct equipment, and appropriate 
scheduling and routing. 
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Introduction 


Assessing the health of populations of marine mammals has 
advanced from relying predominantly on estimation of abun- 
dance and vital rates to including information gained during 
assessment of individual animals. Using data on individual 
animal health to extrapolate to population-level assessments 
requires an understanding of epidemiology and statistics to 
design appropriate studies and sampling strategies to allow 
for broader interpretation of results beyond individual animal 
health. Comprehensive health evaluations, analysis of bio- 
markers for contaminant exposure and/or effects, and testing 
for infectious disease, once included only opportunistically 
as part of biology field studies, are now routinely the impetus 
and primary focus of many marine mammal capture-release 
and remote sampling studies. Investigation of stranded marine 
mammals has expanded from basic taxonomy and life history 
data collection to determining cause of death and assessing 
underlying health status including exposure to infectious dis- 
ease, biological toxins, and chemical contaminants. The shift 
to a more comprehensive health focus, with epidemiology as 
the underlying foundation, is now providing an understand- 
ing of the patterns of disease in wild marine mammals and 
the factors (e.g., demographic, ecological, or anthropogenic) 
that contribute to disease susceptibility. This additional insight 
into the drivers for population health and anticipated patterns 
of disease helps managers to effectively allocate resources, 
but even more importantly, can aid in designing effective con- 
servation strategies to address anthropogenic factors that can 
act as health risks to marine mammal populations. 

Within the United States, the Marine Mammal Health and 
Stranding Response Program (MMHSRP) has been a major 
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driver for the appropriate collection of samples and data 
to support valid epidemiological study designs. Formalized 
through an Amendment to the Marine Mammal Protection Act 
in 1992, the MMHSRP has strengthened stranding networks 
and promoted standardized data collection forms, established 
standards for biomonitoring and tissue banking, and instituted 
analytical quality assurance for chemical analyses of marine 
mammal tissues. The MMHSRP has not only supported stan- 
dardization for stranded marine mammal studies but also 
promoted collaboration and adoption of standardized meth- 
ods for studies of free-ranging marine mammals as well. For 
example, the MMHSRP promoted the collaboration of bottle- 
nose dolphin (Wursiops truncatus) health researchers conduct- 
ing studies across the US southeast coast (Schwacke et al. 
2004), which led to the comparison of health data, including 
biomarkers of chemical contaminant exposure and serologi- 
cal indicators of disease exposure, across broad geographic 
and demographic groups (Schwacke et al. 2009; McFee et al. 
2010; Kucklick et al. 2011; Rowles et al. 2011). This collabora- 
tion also led to the development of robust reference intervals 
for hematological and serum biochemical measurements, as 
well as other health diagnostics, for wild inshore bottlenose 
dolphin populations (Schwacke et al. 2009; Hart, Wells, and 
Schwacke 2014; Hart et al. 2015). 

This chapter provides basic definitions and approaches 
that have been used or would be appropriate to use in wild 
animal population health investigations, with a focus toward 
marine mammal epidemiological studies. Essential to epide- 
miology is the systematic and unbiased collection and analy- 
sis of data, allowing valid comparisons to be made across 
populations.* While clinicians focus on the health state of 
the individual animal, epidemiology focuses on the health of 
populations, and this difference in the purpose for assessing 
health is important to consider, since it affects the require- 
ments for how data are collected and analyzed. For example, 
if a veterinarian consistently sends samples to a laboratory 
that underestimates measurements of a serum biochemical 
parameter (e.g., glucose) as compared to other laboratories, 
then his/her evaluation of the value, while likely biased, is 
still effective because he/she is judging the value against what 
is expected for a healthy animal’s measurement from the same 
laboratory (i.e., a reference interval provided by the labora- 
tory). However, if the veterinarian’s glucose measurements 
are combined with data from other veterinarians who used 
different laboratories, then the bias in measurements can con- 
found the comparison of glucose measurements across popu- 
lations, and this must be considered and accounted for in the 
data analysis. 


* Here we use the term population to refer to a cohort of animals. This could 
be a management unit (i.e., stock) for a given species but could also be a 
specified cohort within a management unit, such as a demographic cohort. 


Reference Intervals and Sample Sizes 


Ideally, epidemiological studies include measurements across 
populations with differing exposure to the factor of interest but 
that are collected and analyzed in a consistent and standardized 
fashion. The selection of a reference population for establish- 
ing the range of expected values (usually the central 95% of the 
distribution of values) may differ for a clinical versus an epide- 
miological application. The clinician needs a reference interval 
that describes the range of values for one or more physiologic 
measurements from disease-free individuals, or at least indi- 
viduals that are disease-free with respect to the measurements 
of interest. This is necessary for the accurate diagnosis of an 
individual’s disease state and to assess the severity or stage of 
disease in order to define the appropriate course of treatment. 
Conversely, the epidemiologist desires a range of values from a 
reference population, not necessarily disease-free, that differs 
in exposure to the factor of interest but that is comparable with 
respect to other potential confounding factors. 

It is important to carefully consider the appropriate popula- 
tion for the generation of reference intervals, and in either case 
(e.g., disease-free or comparable unexposed population), statisti- 
cal analysis is required to establish robust ranges. Nonparametric 
methods that do not make a specific assumption about the dis- 
tribution of values (e.g., do not assume that values are normally 
distributed) have been recommended for establishing reference 
intervals for hematological and serum biochemical measure- 
ments, which tend to be highly skewed, and thus often do not 
meet assumptions of normality. Such methods, which include 
calculation of rank from a sorted sample or bootstrap sampling 
that also allows for calculation of uncertainty bounds, require 
a relatively large sample size. In general, a minimum sample 
size of 40 individuals is recommended, and this is after appro- 
priate stratification by sex and/or age class is performed (see 
Schwacke et al. 2009 for discussion). 

When investigating prevalence of infectious diseases in 
a population, selection of a sample size will depend upon 
the desired probability of detecting the disease, the sensitiv- 
ity and specificity of the test used, and the prevalence of the 
disease searched for (Sergeant 2017). A number of software 
packages and online tools have been developed to establish 
sample sizes when these parameters are known. Examples 
[accessed April 20, 2017] are 


http://epitools.ausvet.com.au/content.php?page=Freedom 
FinitePop 

http://www.epi.ucdavis.edu/diagnostictests/download 
-bayesfreecalc.html 

http://sampsize.sourceforge.net/iface/*#prev 


Study Design Selection 


Specific research study designs can be tailored depending 
on the situation and the goals of the investigation. Following 
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the definitions provided, we give several examples of differ- 
ent epidemiological study designs and how they have been 
implemented in marine mammal populations. These include 
the following: G) an intervention study, where conserva- 
tion medicine approaches are being applied to improve the 
chances of recovery for Hawaiian monk seals (Neomonachus 
schauinslandii); (2) a prospective, source-driven study, where 
multiple field sampling approaches are combined to estimate 
the probability and magnitude of population-level effects in 
bottlenose dolphins exposed to petroleum-associated chemi- 
cals from a known source (the Deepwater Horizon oil spilD; 
(3) a prospective, effect-driven assessment, where multiple field 
sampling approaches are combined to elucidate the causes 
for an observed decline of harbor seals (Phoca vitulina) in 
Scotland; and (4) a retrospective, effect-driven assessment, 
where an observed effect (urogenital cancers) in California 
sea lions (Zalophus californianus) is investigated to under- 
stand the underlying causal factors. 


DEFINITIONS OF TERMS USED IN 
POPULATION HEALTH ASSESSMENTS 


Case-control study—This type of study com- 
pares animals that have a disease or outcome of 
interest (cases) with animals who do not have 
the disease or outcome (controls), and looks 
back retrospectively to compare how frequently 
the exposure to a risk factor is present in each 
group to determine the relationship between 
the risk factor and the outcome or disease. 

Case definition—A case definition is a set of uni- 
form criteria used to define a disease or health 
condition in a population or investigation. A 
case definition may be modified to be broader 
or narrower over time as additional diagnostic 
or investigative information is gained. A case is 
an individual in a population that has a particu- 
lar health condition or disease. 

Cohort—A group of individuals with similar charac- 
teristics (e.g., year of birth) or exposures or disease. 

Cohort study—A case definition is a set of uni- 
form criteria used to define a disease or health 
condition in a population or investigation. A 
case definition may be modified to be broader 
or narrower over time as additional diagnostic 
or investigative information is gained. A case is 
an individual in a population that has a particu- 
lar health condition or disease. 

Confounding factor/variable—A factor or vari- 
able that is associated with the factor being evalu- 
ated and that independently affects the outcome 
of interest; it correlates with both the exposure 


and response so that it masks an actual associa- 
tion or falsely indicates an apparent association. 
An example of a confounding factor is age when 
evaluating an exposure that tends to increase 
with age (e.g., blubber contaminant concentra- 
tions) and a hormone concentration that also 
independently changes with age. 

Cumulative incidence (risk)—The proportion 
of individuals free from disease developing a 
specific disease over a specified period of time. 

Density dependence—A factor, such as popu- 
lation growth rate, constituent gain rates (e.g., 
birth and immigration), or loss rates (death and 
emigration), that varies causally with popula- 
tion size or density (N). 

Disease—Any impairment that interferes with or 
modifies the performance of normal functions, 
including responses to environmental factors 
such as nutrition, toxicants, and climate; infec- 
tious agents; inherent or congenital defects; or 
a combination of these factors. 

Exposure—The state of being exposed to 
disease-causing factors, including infectious, 
toxic, nutritional, traumatic, genetic, degenera- 
tive, physiological, social, and behavioral. 

Incidence (or incidence rate)—The number of 
new cases (disease onsets) divided by the sum 
of the time over which the individual animals 
were observed. 

Incidence odds ratio—The ratio of the number 
of individuals that experience the disease to the 
number who do not experience the disease. 

LD50—Lethal dose 50 or median lethal dose is 
the amount of a substance that causes the death 
of 50% of the test subjects and is a measure of 
acute toxicity. 

Prevalence—The number of total cases divided 
by the number in the population at risk at a 
particular point in time. 

R,y—(pronounced R nought) The number of new 
infections arising from an infected individual. 
Risk—The proportion of individuals free from 
disease that develop a specific disease over a 
specified period of time, provided they do not 

die from any other disease during the period. 

Sample size—Establishing the number of obser- 
vations or replicates to include in a statistical 
sample, with the goal of making inferences 
about a population from a sample. The sample 
size can be calculated from an estimated preva- 
lence of the disease and confidence level. 

Stochastic—That which is randomly determined; 
having a random probability distribution or 
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pattern that may be analyzed statistically but 
may not be predicted precisely. 

Weight of evidence—A common term in the 
published scientific and policy-making _liter- 
ature, most often seen in the context of risk 
assessment (RA), natural resource damage 
assessment (NRDA), or other legal context. It 
involves the combination of information from a 
variety of sources and may utilize both toxico- 
logical and epidemiological criteria. 


Case I: Intervention Study— 
Recovery and Enhancement 
in Hawaiian Monk Seals 


The endangered Hawaiian monk seal population is sub- 
ject to multiple stressors that vary spatially, temporally, and 
demographically. Stressors include food limitation, preda- 
tion, fishery interactions, marine debris entanglement, and 
the threat of disease outbreaks. Tools and techniques aimed 
at improving survival have been crafted to address many of 
these threats. In many cases, such survival-enhancing inter- 
vention decisions are supported by health assessment data 
acquired through targeted and opportunistic capture—release 
health assessments and necropsies. Samples collected during 
these activities are used to evaluate baseline disease expo- 
sure in the population, provide context for emerging health 
threats, and inform mitigation activities such as translocation 
and vaccination (Aguirre et al. 2007; Littnan et al. 2007; Baker, 
Harting, and Littnan 2013; Barbieri et al. 2016; Norris et al. 
2017). The following are three investigative approaches that 
demonstrate tools that have been used to enhance recovery, 
increase resilience, and identify emerging threats as part of 
an integrated recovery effort. 


Translocation 


Survival rates are not uniform across the Hawaiian monk 
seal’s range, and annual population monitoring can identify 
specific locations where survival is consistently poor (Baker 
and Thompson 2007). The multiple factors (e.g., predation, 
competition, prey availability) that underlie these geographic 
differences in survival can be mitigated by translocating 
individuals to locations where the likelihood of surviving is 
improved (Baker et al. 2011; Baker, Harting, and Littnan 2013). 
Efforts to evaluate population genetics and baseline disease 
exposure were important in the decision to undertake trans- 
location activities in this species (Aguirre et al. 2007; Littnan 
et al. 2007; Schultz et al. 2011; Norris et al. 2017). Translocation 
protocols were developed to include health screening in the 
decision framework (Baker, Harting, and Littnan 2013). Prior 
to translocation, all candidate seals undergo an individual 


health assessment through capture, physical examination by 
a veterinarian, blood sampling, and basic field hematological 
evaluation (see Chapter 37). While targeted disease screen- 
ing tests (i.e., serology, molecular analyses) cannot be con- 
ducted in the field, comprehensive sample collection at the 
time of field health assessment provides samples for routine 
population health surveillance. 


Vaccination 


The threat of a morbillivirus outbreak in Hawaiian monk 
seals has been evaluated using a multidisciplinary approach, 
which ultimately led to the implementation of a prophylactic 
vaccination program (Baker et al. 2016; Baker et al. 2017). 
Historical and ongoing serologic surveillance for multiple 
morbilliviruses indicates that the population lacks evidence 
of exposure to both canine and phocine distemper viruses 
(Littnan et al. 2007). If a morbillivirus were introduced to this 
immunologically naive population, the species would be at 
risk of a catastrophic disease outbreak. A commercially avail- 
able vaccine was first tested for safety and seroconversion in 
captive phocids. The results of those studies indicated that full 
vaccination of seals would require a minimum administration 
of two sequential vaccinations (Quinley et al. 2013). A range 
of plausible outbreak trajectories in wild Hawaiian monk seal 
populations was simulated using a stochastic susceptible— 
exposed-infectious-removed (SEIR) model (Baker et al. 2016; 
Baker et al. 2017). Ultimately, the modeling effort indicated 
that waiting to vaccinate seals until a morbillivirus was intro- 
duced would be of minimal benefit. Based on these assess- 
ments of risk, safety and efficacy testing, and effectiveness of 
intervention, a prophylactic vaccination program is ongoing 
to increase population immunity and reduce the potential for 
a morbillivirus outbreak in this endangered species. 


Emerging Health Threats 


Standardized sampling and screening protocols for live and 
dead animals create the foundation of an early warning 
system for health threats. Routine examination and sample 
archiving from stranded Hawaiian monk seal carcasses over 
several decades confirmed the recent emergence of proto- 
zoal disease, specifically toxoplasmosis, as a new and grow- 
ing health threat to the species (Barbieri et al. 2016). Live 
animal sampling opportunities may be specifically targeted 
at health assessment or combined with other research and 
enhancement activities, such as telemetry studies or stranded 
seal rehabilitation. Strategically designed archiving protocols 
ensure that samples are available for new analytical techniques 
in the future, which are becoming increasingly necessary 
to discern sublethal and cumulative impacts on population 
health. When blood, swab, and tissue samples are systemati- 
cally archived over time, sufficient sample sizes and quality 
can be generated for longitudinal studies, such as exposure to 
contaminants and biotoxins, and can be interpreted relative 
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to life history and foraging and movement patterns CYlitalo 
et al. 2008; Bottein et al. 2011; Cahoon et al. 2013; Lopez et 
al. 2014). 

The careful and strategic evaluation and implementation 
of life-saving interventions for the endangered Hawaiian 
monk seal require the integration of multiple disciplines, 
often including health assessments. To date, these efforts 
have enhanced the survival of as much as one-third of the 
Hawaiian monk seal population in existence today (Harting, 
Johanos, and Littnan 2014). 


Case 2: Source-Driven Assessment 
Using Multiple Sampling Approaches 
and a Prospective Cohort Study 
Design—Assessment of Injury 
to Bottlenose Dolphins after the 
DEEPWATER Horizon Oil Spill 


The explosion of the Deepwater Horizon (DWH) drilling plat- 
form in the Gulf of Mexico in 2010 resulted in a release of oil 
unprecedented in terms of duration and geographic extent. 
In total, 3.19 million barrels of oil were released over a nearly 
3-month period, oiling 43,300 square miles of ocean sur- 
face and over 1,300 miles of shoreline (see Chapter 2). The 
Natural Resource Damage Assessment (Deepwater Horizon 
2016) conducted in the wake of the DWH disaster evalu- 
ated injuries to 19 cetacean species, but a focus was given 
to inshore common bottlenose dolphins due to the heavy 
oiling along much of the northern Gulf of Mexico coast and 
the accessibility of these bay, sound, and estuary (BSE) stocks 
for study. 

A multipronged approach for evaluating cetacean inju- 
ries was implemented, and included remote biopsy sampling, 
monitoring surveys (either photo-identification, or aerial or 
ship-based transect surveys), capture-release health assess- 
ments, and stranding investigation. The methods applied 
depended on the species and location of the stock. At one 
site, Barataria Bay, where particularly heavy and prolonged 
oiling occurred, all four of these study approaches were 
applied for common bottlenose dolphins. Survival rate was 
estimated from longitudinal photo-identification surveys 
(McDonald et al. 2017). Reproductive success was assessed by 
photo-identification monitoring of pregnant females, which 
were identified based on progesterone levels in remotely 
sampled blubber or via ultrasound of temporarily captured 
dolphins (Lane et al. 2015; Kellar et al. 2017). Due to the lack 
of baseline estimates for vital rates for the Barataria Bay stock 
prespill, comparisons were made with similar BSE bottlenose 
dolphin stocks from other (unoiled) areas of the southeast 
US coast. This approach essentially substituted a comparison 
of postspill vital rates in Barataria Bay with rates from refer- 
ence populations, rather than comparing with prespill vital 


rates specifically for Barataria Bay, which were unknown. 
Environmental factors (e.g., other chemical exposures, bio- 
toxin exposure, pathogen exposure) between Barataria Bay 
and each of the reference populations were carefully consid- 
ered, to rule out potential confounding variables (Schwacke 
et al. 2014; Lane et al. 2015; Venn-Watson et al. 2015a), and 
multiple reference populations were examined, strengthening 
the evidence for a causal relationship between the DWH oil 
exposure and the decreased survival and reproductive suc- 
cess rates. 

Capture-release health assessments of live bottlenose 
dolphins in Barataria Bay, as well as Mississippi Sound, 
offered insight for the decreased survival and an understand- 
ing of potential adverse outcome pathways. Analysis of blood 
samples suggested hypoadrenocorticism and inflammation, 
and diagnostic ultrasound documented a high prevalence of 
moderate to severe lung disease, conditions previously asso- 
ciated with petroleum-associated chemicals in other species 
(Schwacke et al. 2014; Smith et al. 2017). Once again, com- 
parisons were made with previously reported reference inter- 
vals for bottlenose dolphin populations from similar inshore 
habitats (Schwacke et al. 2009; Hart, Wells, and Schwacke 
2013; Hart et al. 2015), to help interpret the significance of the 
observed disease conditions. 

Investigation of strandings following the DWH spill also 
provided important information that helped to quantify the 
extent of cetacean injuries and elucidate injury pathways. 
Strandings increased in the years immediately following the 
spill, with patterns spatially and temporally coincident with 
the footprint of the DWH oil (Venn-Watson et al. 2015a). 
Necropsy and pathological analyses were conducted, and 
prevalence of different types of lesions were compared with 
strandings from reference populations (Venn-Watson et al. 
2015a). The comparisons demonstrated an abnormally high 
prevalence of adrenal gland and lung lesions, further support- 
ing the oil-associated disease conditions documented in the 
live dolphin health assessments (Venn-Watson et al. 2015b). 

Findings from the combined cetacean studies, as well as 
other laboratory or observational studies in other species, 
were considered to establish strength of association, consis- 
tency of association, specificity of association, time order/ 
temporality, biological gradient, experimental evidence, and 
biological plausibility for the association between observed 
health impacts and DWH-associated petroleum exposure. 
These epidemiological criteria have been previously proposed 
to establish causality in both humans and wildlife (see Collier 
2003 for discussion). Ultimately, the parameters estimated 
through the combined study approaches also provided suffi- 
cient information to implement population dynamics models 
for multiple inshore bottlenose dolphin populations, as well 
as several other coastal and oceanic cetacean populations, 
allowing for the estimation of future population trajectories 
and quantification of injuries (Schwacke et al. 2017). With 
catastrophic events such as the DWH oil spill, it is important 
to obtain a comprehensive understanding of impacts at the 
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population-level such that effective restoration efforts can be 
planned. This example demonstrates how multiple sampling 
approaches, and epidemiological analyses and modeling were 
combined to not only demonstrate the injuries to individual 
animals but also to quantify the impacts to populations. 


Case 5: Effect-Driven Assessment Using 
a Multifactorial Study Design— 
Harbor Seals in Scotland 


Since around 2000, the numbers of harbor seals in several 
regions north and east of Scotland have decreased dramatically 
(Lonergan et al. 2007). Declines have been reported in Orkney 
(78% decrease between 1997 and 2013), the east coast (70% 
decrease between 1997 and 2015), and Shetland (30% decrease 
between 2000 and 2009), while the populations in the west 
Scotland region and in the Western Isles have been increasing 
over the same period (SCOS 2016). In contrast, the populations 
in the southeast of England have been increasing at a rate of 
approximately 7% per year, following their recovery from an 
outbreak of phocine distemper virus in 2002 (Harkonen et al. 
2006). 

Identifying the cause (or causes) of these declines has 
required an integrated study approach, first focusing on deter- 
mining the population vital rates, and then the potential driv- 
ers of the decline, and comparing these two aspects between 
regions with different population trajectories Ge., the north 
coast compared to the west coast). Various non-disease-related 
causal factors have been suggested (including, for example, 
bycatch in fishing nets, habitat degradation, increased preda- 
tion, and interspecific competition; Hall et al. 2015), but disease 
remains one of the most important causes to be investigated. 

The research studies designed to address this question 
are, in epidemiological terms, equivalent to prospective cohort 
studies in which the factors potentially causing the decline 
(either through effects on fecundity or survival) are assumed 
to be the major differences between two groups of animals 
(in this case from the different regions) whose fate is fol- 
lowed. Unlike a case-control study, in which the disease is 
existing at the time of study, a cohort study is concerned 
with studying the development of disease in a group of ani- 
mals. Exposure to the risk factors needs to be determined, 
and while comparing vital rates in different populations may 
indicate how the causal factors are affecting the population 
trajectories, this will not on its own lead to their identification. 
In addition, confounding factors need be taken into account 
(particularly differences in age structure). Mark—recapture 
techniques used to estimate mortality/survival are thus a form 
of cohort study (Wobeser 2007), although they have been rel- 
atively rarely used to study disease in wildlife, largely due to 
the difficulties of finding and following individuals. However, 
harbor seals represent a good example of how this method 
can be used, since these animals can be tracked over time, 


using pelage recognition and photo-identification follow-up 
(Cordes and Thompson 2014). 

A number of different stages were defined in the strat- 
egy for determining the cause or causes of this unexplained 
decline in harbor seal abundance (recognizing that it may not 
be the same in all regions): 


Comparing Pup Survivorship 


Since pup survival is a key parameter in determining popula- 
tion abundance (Hall, McDonnell, and Barker 2001), the first 
stage was to compare estimates of first-year survival in the dif- 
ferent populations. A mark-recapture study using telemetry to 
estimate survivorship in pups born in the north compared to 
those born in the west found no evidence for a difference in 
this parameter between the populations (Hanson et al. 2013). 


Health Assessment and Exposure 
Identification Using Live Capture—Release 


Harbor seals, again from the declining and nondeclining sites, 
were live-captured, and various aspects of their health were 
examined. This included comparing nutritive condition from 
morphometric measurements, exposure to parasites (e.g., 
using fecal egg counts), serology (e.g., phocine distemper virus 
and Brucella titers), clinical chemistry parameters and com- 
plete blood counts, and any overt evidence of infection or 
other diseases. Exposure to potential causal factors included 
investigating persistent organic pollutants in blubber biopsies, 
and biotoxins in urine and feces. Ages were estimated from 
growth layer groups in small incisor teeth to investigate any 
age structure differences between the cohorts and as con- 
founding factors in the analysis. The only major difference 
between the animals captured at the different sites was that 
evidence of exposure to biotoxins, particularly domoic acid 
and saxitoxin, was found, with a higher prevalence in the 
declining sites on the east and north coast than the nondeclin- 
ing sites in the west and south (Hall and Frame 2010; Jensen 
et al. 2015). There was also evidence of potential immuno- 
modulation following exposure to domoic acid in the captured 
animals. This finding therefore focused the subsequent study 
design. 


Mark—Recapture Cohort Study 
and Population Model 


The early finding is now being followed up with a 5-year pro- 
spective cohort study using photo-identification in a mark— 
recapture framework (Arso Civil et al. 2016) to determine 
differences in the following: 


1. Female survival and fecundity: Both these vital rates 
affect population dynamics, but it is important to 
determine if both are being affected. It is now clear 
that the magnitude and rate of the decline are such 
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that the causal factors must be affecting adult female 
as well as pup survival. 

2. Differences in health, condition, pregnancy status, and 
exposure to biotoxins: Live capture-release studies 
focusing on the females in the different populations 
are being carried out to investigate pregnancy rates, 
health status, and exposure to biotoxins. Animals are 
being tracked using GPS telemetry tags to determine 
foraging areas, so that prey abundance and types at 
these areas can also be investigated and so that fish 
samples for biotoxin levels can be collected. Tags will 
also relay data on dive behavior and pupping site 
usage. These individually identified females (together 
with their counterparts who have not been handled) 
will then be recognized from their pelage markings 
and photographed at their pupping sites to estimate 
fecundity and survival rates. These parameters will 
then be compared to determine whether there are 
significant differences between regions. A population 
dynamics model is being constructed, which will 
allow the effect of different mortality scenarios to be 
explored (Matthiopoulos et al. 2014). 


Strandings 


The cohort study approach is being supplemented by the 
collection and postmortem examination of any stranded 
carcasses that are reported to the Scottish Marine Animal 
Strandings Scheme within the two study regions. While many 
of the carcasses retrieved are often badly decomposed, any 
causes of death and pathology findings that can be estab- 
lished will complement the findings of the prospective cohort 
study. 

This project demonstrates that such integrated epidemio- 
logical studies are likely to be the only means by which the 
disease-related causes of a regional decline in abundance 
(when permanent emigration has been ruled out) can be 
determined. 


Case 4: Effect-Driven Assessment 
Using a Case-Control Study Design— 
Cancer in California Sea Lions 


Although a proximate cause of urogenital carcinoma (UGC) 
in California sea lions has not been identified (see Chapter 
14), various risk factors have been studied over the last 
25 years or so, and three major factors have emerged as 
being significantly related to the occurrence of UGC; genetic 
factors (Acevedo-Whitehouse et al. 2003; Bowen et al. 2005; 
Browning et al. 2014), persistent organic pollutants (Ylitalo 
et al. 2005), and infectious disease (Lipscomb et al. 2000; 
Buckles et al. 2007). Since it is impossible to carry out a 
prospective cohort study to investigate the epidemiology of 


this complex disease, and in line with a common approach 
taken in human and veterinary epidemiology (van Stralen 
et al. 2010), a case-control study was initiated (Browning 
et al. 2015). In this type of study, cases are chosen based 
on the presence of UGC with controls as individuals free of 
disease. The risk factors of interest can then be compared 
between the two groups. The control group needs to rep- 
resent the occurrence of the risk factors or exposures in 
the population that gave rise to the cases and, if appropri- 
ate, can be matched to the cases by age or sex to improve 
study efficiency. The measure of association between the 
risk factors and the outcome used is the odds ratio, which 
represents the odds that the disease will occur given a set 
of risk factors, compared to the odds of it occurring in the 
absence of those factors. It is therefore important that the 
study includes an appropriate number of controls (usually 
twice as many as the cases) and that a power calculation is 
carried out to ensure that a sufficient sample size is obtained 
(Gauderman 2002). 

Accruing a sufficient number of cases and controls to 
investigate the three main identified risk factors in this study 
has been a challenge and has taken a number of years. A 
power calculation carried out at the start of the study sug- 
gested that at least 100 cases and 200 controls would be 
needed. The Marine Mammal Center in Sausalito, California, 
carries out detailed necropsies on California sea lions that 
have died of various causes. At necropsy, those diagnosed 
with urogenital cancer, through gross pathology and histol- 
ogy, were identified as cases, and details of their cause of 
death, sex, and morphometric measurements were entered 
into a study database. Controls were identified as any ani- 
mals that died of other causes but that, at necropsy, had no 
signs of UGC. These included trauma cases and those that 
died of domoic acid toxicosis. It should be noted that the 
study is not jeopardized if the controls would have gone 
on to develop cancer, because the role of the controls is 
to provide information on the occurrence and distribution 
of the risk factors in the population that gave rise to the 
cases. The key consideration is that they are admitted into 
the study in the same way as the cases and that their cause 
of death is unlikely to be related to the exposures of interest. 
Samples were collected for exposure identification, including 
a blubber sample for persistent organic pollutants, tissues 
and swabs for the presence of herpes virus, and skin samples 
for the presence of genetic markers (homozygosity or het- 
erozygosity at a specific locus, PV11) identified as associated 
with this carcinoma. 

Consideration needs to be given to the timing of the 
exposures, which clearly must have occurred before the devel- 
opment of the disease. The occurrence of persistent organic 
pollutants (POPs) in the blubber is a good indication of past 
exposure, as the pollutants are accrued in the fat over time 
(argely through gestational and lactational transfer during 
development), as well as of offloading of POPs by adult females 
depending upon reproductive history (number of pregnancies 
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and thus fetuses POPs transferred to). Matching by sex and age 
(group matched or individual matched) will assist in reducing 
this bias, as will accounting for the condition of the animal. It 
has been well demonstrated that California sea lions in poor 
condition, with less blubber, have higher contaminant levels, 
as the POPs concentrate in the remaining adipocytes (Hall et 
al. 2008). This confounding effect can be controlled for with 
appropriate statistical analysis, provided there is some overlap 
between the cases and controls in range of their body con- 
dition. The genetic markers are an important potential fac- 
tor, with evidence to suggest that the microsatellites are not 
altered following disease development (Browning et al. 2014). 
However, the role of herpes virus remains difficult to evalu- 
ate fully, since the infection could have occurred as a result 
of immunosuppression related to UGC and is therefore not a 
causal factor. Careful comparison with infection rates in the 
controls, using the same diagnostic techniques, could assist in 
furthering our understanding of the true role of this infection. 

Once all the cases and controls, with their exposure data 
and information on their sex, age, and condition, have been 
assembled, data will be statistically analyzed using standard 
methods for case-control studies. This major study will be one 
of only a very few examples of this epidemiological approach 
in marine mammals specifically, and in wildlife in general. 


Conclusions 


In summary, these four case studies demonstrate several dif- 
ferent epidemiological study designs and sampling approaches 
that have been effective for assessing the probability and 
magnitude of adverse health effects in a population related 
to a given exposure, investigating the potential factors associ- 
ated with observed adverse health effects in a population, or 
designing effective intervention to facilitate the recovery of an 
at-risk population. Differing in their reasons for assessment, 
all of these case studies have contributed, or are contributing, 
to more effective conservation and management of marine 
mammal populations. Technology for assessing the health of 
individual animals is advancing rapidly (see Chapter 35), 
and with careful design of sampling strategies and consid- 
eration of appropriate epidemiological analysis approaches, 
there is substantial opportunity for advancing conservation 
by improving the health of marine mammal populations. 
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Introduction and History 


Comprehensive health assessment studies using capture— 
release of bottlenose dolphins, Tursiops truncatus, have 
become part of long-term monitoring efforts (Wells et al. 
2004), investigations of die-offs (Schwacke et al. 2010), assess- 
ing pollution impacts, and natural resource damage assess- 
ments (Schwacke et al. 2014). These studies have benefited 
from the advances in bottlenose dolphin health diagnostics 
and treatments developed for managed and rehabilitated ani- 
mals. This chapter focuses on capture-release health assess- 
ments of nearshore and coastal bottlenose dolphins with a 
description of the advances in diagnostics over time. 

The longest-running study of free-ranging common bot- 
tlenose dolphins began in 1970 in Sarasota Bay, Florida (Irvine 
and Wells 1972). Blair Irvine, working with Mote Marine 
Laboratory, and a high school student, Randy Wells, set out 
to determine whether dolphins living in Sarasota Bay were 
migratory or resident animals. Initially, their studies began 
with temporary capture for the purpose of tagging dolphins 
for tracking their movements. A decade later, the project 
evolved to include veterinary examinations and procedures, 
and Dr. Jay Sweeney joined the team to evaluate individual 
animal and population health. Field techniques developed by 
Sweeney, Wells, Irvine, and others have advanced our under- 
standing of small cetacean population health far beyond 
Sarasota Bay. 
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In 1991, more than 200 bottlenose dolphins stranded 
dead in Matagorda Bay, Texas (Colbert et al. 1999). This 
event garnered a lot of interest because it closely followed 
a large mortality event of bottlenose dolphins along the 
eastern coast of the United States in 1987-1988, which 
prompted an assessment of US stranding network capa- 
bilities and the development of a working group to pro- 
vide advice on marine mammal unusual mortality events 
to NOAA Fisheries (Geraci 1989; Wilkinson 1991). Utilizing 
experienced personnel and techniques developed through 
the Sarasota Bay field studies, NOAA Fisheries coordinated 
a capture-release health assessment of dolphins living in 
Matagorda Bay during the summer of 1992 (Sweeney et al. 
1992). Valuable health data were gathered, and it became 
clear that baseline data collected over multiple years would 
greatly improve the ability to determine the cause of unusual 
mortality events. To meet this need, NOAA Fisheries fos- 
tered the development of partnerships among veterinarians, 
technicians, scientists, and animal care experts capable of 
safely catching and handling dolphins for health evaluation 
to develop baseline data in high-risk areas and to respond 
to mass mortality events. Programs were thus developed 
that effectively evaluated health of bottlenose dolphin pop- 
ulations subject to unusual mortality events in Florida, and 
developed baseline data for bottlenose dolphins at multiple 
sites in the Southeast of the United States (Fair, Mitchum, 
and Hansen 2000; Schwacke, Voit, and Hansen 2000; Wells, 
Jarman, and Rowles 2000; Schwacke et al. 2002; Hansen 
et al. 2004; Norman et al. 2004; Hall et al. 2005; Wells et al. 
2005; Goldstein et al. 2006, 2012; Reif et al. 2008; Bryan et al. 
2007). Bottlenose dolphin capture—release health assessments 
have become an integral part of understanding ecosystem 
health through these top predator studies, particularly in 
the face of environmental disasters, anthropogenic pres- 
sures, and climate change. 

In 2010, the collective body of knowledge and exper- 
tise gained through individual animal and population health 
assessments of wild dolphins became a critical technique 
for assessment of the impacts on bay, sound, and estuarine 
stocks of bottlenose dolphins. In April 2010, the DrEpwarer 
Horizon oil spill resulted in 3.19 million barrels of oil con- 
taminating the northern Gulf of Mexico, impacting over 
1000 miles of coastline and ~43,000 square miles of ocean 
(Michel et al. 2013; United States of America v. BP Exploration 
& Production 2015). A capture-release health assessment in 
2011 in Barataria Bay, Louisiana, a heavily oiled area, revealed 
numerous disease states, some of which had not been previ- 
ously documented in wild dolphins (Schwacke et al. 2014). 
Since then, additional assessments, in 2013, 2014, and 2016, 
have established trends in population health and potential 
recovery in the gulf, and have included numerous veterinar- 
ians and other scientists, working to assimilate and apply 
knowledge gained over more than four decades of cetacean 
health studies. 


Internal Animal Care and 
Use Committee (I[ACUC) 
and Permitting Requirements 


Health assessment projects begin with an overarching scien- 
tific question or series of questions, followed by development 
of an experimental design aimed at collecting relevant data 
(see Chapter 34). The proposed procedures and protocols 
are developed in detail and submitted to an Internal Animal 
Care and Use Committee (ACUC) for approval. The senior 
veterinarian responsible for overseeing the project must be 
involved in developing these protocols, as he/she, with the 
principal investigator, will be directly responsible for the 
implementation of sampling protocols and adhering to [ACUC 
guidelines. Research permits are also required for initiation of 
any wild cetacean studies, including observational population 
surveys. In the United States, research permit applications are 
submitted to and reviewed by the National Marine Fisheries 
Service (NMFS) permits office, and if approved, dictate the 
conditions under which the research is conducted. 


Preprocedure Veterinary Briefing 
with the Health Assessment Team 


Once on scene for a capture-release health assessment, proper 
briefing of the entire field team to explain the goals of the 
study and varying responsibilities of the individual team mem- 
bers is essential to inform and mitigate risk to both humans 
and animals, and serves to minimize animal handling times. 
The veterinary team must be briefed by the lead investiga- 
tor on project goals, and review sample collection and han- 
dling protocols, including protocol variations for dependent 
calves, pregnant females, and geriatric dolphins, emergency 
response; emergency drug indications; emergency kits; and 
veterinary team communications. 


Deep Water vs. Shallow Water 
Capture Techniques 


Techniques for catching dolphins are specialized, risky oper- 
ations that should always be conducted by experts, with 
choice of method largely determined by environmental con- 
ditions, especially water depth (Wells et al. 2004). In waters 
shallow enough that handlers can stand on the seafloor with 
their head above water to safely catch and handle dolphins, 
dolphins can be encircled in seine nets for capture. In deep 
water, dolphins are entangled in nets and brought to the side 
of a boat, where they are transferred to a floating mat by 
personnel in life jackets. People in the water move the ani- 
mal onto a floating closed cell mat for disentanglement and 
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restraint. The mat is placed on one side of the entangled dol- 
phin, and then the mat is advanced under both animal and 
net. Experienced personnel board the floating mat and begin 
to disentangle the dolphin from the net. In both deep and 
shallow water methods, an experienced veterinarian closely 
monitors the animals with an emergency kit in hand. 


Initial Handling and Evaluation 


Assuming the dolphin is capable of mounting a healthy stress 
response, the dolphin may resist initial restraint. Skilled han- 
dlers that remain calm during this process have a positive 
impact on the overall operation, decreasing the perceived 
stress levels for both humans and animals. Care should be 
taken by both animal handlers and veterinarians to use the 
least amount of restraint needed at all times, while systemati- 
cally disentangling animals with swift intention. 

Initial sampling will begin as soon as possible following 
disentanglement, given that the veterinarian has deemed the 
animal stable enough for sampling. When possible, the ani- 
mal will be positioned closer to the processing platform or 
vessel, which typically houses a field laboratory, technicians, 
sampling equipment, and sample storage containers. Animal 
sex and approximate age based on total length are rapidly 
determined to allow the processing staff to deliver the proper 
sampling kits to the veterinary team. For most studies, blood 
is obtained as soon as possible after the dolphin is restrained 
and is stable. At every step throughout the process, efforts 
are made to minimize stress to the animal, including quietly 
moving personnel, equipment, and sampling platforms closer 
to the animal, rather than relocating the animal. The veteri- 
narian advises where and when sampling will occur, based 
on the animal’s overall stability and acclimation to handling. 

Female dolphins greater than 220 cm in total length, 
which are likely to be sexually mature, are moved to the 
side of the processing platform for ultrasound examination to 
determine reproductive status. If pregnant, the fetal biparietal 
diameter is measured to determine the trimester of pregnancy 
(Lacave et al. 2004; Smith et al. 2013a), which may influence 
sampling order and length of exam. In general, females in 
the later stages of pregnancy are given abbreviated exams to 
reduce animal handling times. At this point in the process, 
depending on the animal’s reproductive status, overall stabil- 
ity, and study protocols, animals will be either examined in 
the water or transferred to the processing platform for further 
medical examination. 

When animals are transferred to the processing plat- 
form, they are gently placed on the deck and given time to 
take several (one to five) breaths prior to initiation of sam- 
pling protocols. Monitoring of respiratory rate and character 
begins immediately, with verbal reporting to the veterinary 
team. After a brief period, electrocardiography (ECG) leads 
may be attached to monitor heart rate and rhythm (Hamlin 


et al. 1970; Harms et al. 2013), followed by the collection of 
morphometric data, physical examination, and sample collec- 
tion. Wild bottlenose dolphins are typically very docile dur- 
ing sampling. As with in-water handling, minimal restraint 
is preferred while keeping animal and personnel safe. The 
animal’s environment should be as quiet as possible, with 
calm communications and deliberate handling. The attending 
veterinarian should be mindful of how his/her behavior can 
influence not only the field team but the animals as well. 


Animal Monitoring: Subtle and 
Not-So-Subtle Clinical Signs 


Animal monitoring begins when the animal becomes entan- 
gled, proceeds through disentanglement, and continues until 
release, to ensure that adjustments can be made in response 
to the animal’s physiologic reaction to capture and handling. 
Basic vital signs (respiration rates, respiratory quality and 
character, and heart rates) are monitored to inform step- 
wise decisions regarding animal examination, data collec- 
tion, and any additional processing. Following initial capture, 
tachypnea and tachycardia are often present while the ani- 
mal recovers from the encirclement and entanglement event. 
Acclimation to human handling is typically characterized by 
a normalizing respiratory rate, improving respiratory quality, 
and an improved heart rate with a normal sinus arrhythmia. 

The veterinary team must remain diligent in the observa- 
tion and monitoring of the dolphin at all times, as corrective 
actions must be made if the animal is not showing evidence 
of acclimation or its condition is deteriorating. For example, 
if an animal’s respiratory rate remains elevated and respi- 
ratory effectiveness is either decreased or decreasing after 
disentanglement, immediate release should be considered. 
Ideally, a cattle ear tag kit is available for such cases, allow- 
ing for easy identification of examined animals, specifically 
to avoid recapturing an individual dolphin. However, if the 
veterinarian determines that a dolphin should be immediately 
released, there should be no delay to take photos, apply tags, 
or collect samples. 

A dolphin that begins to arch with its head or flukes 
needs immediate attention and should be evaluated for rapid 
release. Body arching is typically a sign of significant stress 
that either precedes or is concurrent with rapid deterioration 
of the animal’s vital signs, to include tachycardia followed 
by profound bradycardia and a wide range of respiratory 
patterns (e.g., no change; sporadic, labored breathing; rapid, 
shallow breathing; slow, prolonged respirations; or apnea). 
For example, a dolphin that has been relatively stable dur- 
ing handling and begins to arch both head and flukes while 
being examined out of the water should be immediately 
returned to the water. In the author’s experience (FT), young 
male dolphins are more likely to become unstable during 
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examination and should be monitored with heightened vigi- 
lance. Once back in the water, dolphins usually stabilize, 
allowing for completion of remaining procedures in the 
water. If body arching continues in the water, the dolphin 
should be immediately released. 

Although the authors suggest erring on the side of cau- 
tion when an animal arches its head, flukes, or both, there 
are exceptions. For example, large, adult bottlenose dolphins 
may lift their heads with each breath, appearing as if they 
are arching. Additionally, tail arching may occur during spe- 
cific procedures conducted out of the water, including oral 
examinations, dental radiographs, and tooth extraction. In 
these instances, the veterinarian must assess numerous clini- 
cal signs and the animal’s overall condition for appropriate 
decision making. 

Prior to transferring the dolphin to a processing plat- 
form, a normal respiration rate, normal heart rate, and sinus 
arrhythmia are desired. If abnormalities exist, the attending 
veterinarian may determine that animal sampling should 
occur in the water rather than on the processing platform 
(which is usually a boat deck). When the animal is deemed 
stable enough for transfer to the processing platform, animal 
behavior and outward clinical signs will help gauge overall 
stability. For example, a dolphin that has been vocalizing 
prior to and immediately after being placed on the process- 
ing platform, but then decreases or ceases vocalization as 
the examination proceeds, warrants increased monitoring. 
The animal's eyes are another important indicator of animal 
stability. Eyes are usually bright and alert, looking around, 
with occasional squinting expected. However, if an animal’s 
eyes start out bright and alert but progressively become 
squinted, the animal may be deteriorating. Additionally, if 
the eyes are open but appear to have a dull, almost drunken 
appearance, the animal is likely deteriorating, and immediate 
return to the water should be considered. Finally, spontane- 
ous regurgitation or vomiting is cause for concern, unless 
relatively minor and concurrent with oral cavity manipula- 
tion, to include passing a stomach tube for gastric sample 
collection, dental anesthesia, tooth extraction, or dental 
X-ray examination. 

The authors must emphasize the importance of the 
attending veterinarian’s role in observing the whole animal 
to determine what actions may be taken to increase the ani- 
mal’s comfort during sampling; whether or not procedures 
should be halted or aborted; and whether or not the animal 
should be returned to the water and/or released. On rare 
occasion, the authors have observed a dolphin going “limp” 
or flaccid during handling. In these cases, other warning 
signs were often present, warranting heightened awareness 
and increased monitoring by the handlers and veterinary 
team. In the event that a dolphin becomes flaccid, jaw tone 
should be checked immediately by gently attempting to 
open the mouth, to subjectively measure the degree of resis- 
tance. Lack of jaw tone is of grave concern and warrants 
rapid release. 


Emergency Preparedness 


Field team veterinarians should have a basic, waterproof, 
emergency kit in hand at all times while animals are being 
caught, disentangled, and sampled. These kits typically con- 
tain the following: 


1. A syringe preloaded with 10 ml of doxapram hydro- 
chloride (20 mg/ml) and fitted with a 21-gauge, 1.5” 
needle 

2. A 500 mg vial of prednisolone sodium succinate or 

comparable rapid-acting corticosteroid 

. Injectable midazolam (5 mg/ml) 

. Injectable flumazenil (0.1 mg/ml) 

. Additional syringes and needles 

. A stethoscope 


ON WV AR Ov 


Additional drugs will be included at the veterinarian’s 
discretion. In addition to smaller, personal kits, a fully outfit- 
ted emergency kit and oxygen kit, including an oxygen tank 
outfitted with an equine demand valve, should be staged on 
or in close proximity to the processing platform. Some emer- 
gencies occur when dolphins first hit the net. However, if 
veterinarians find themselves implementing emergency pro- 
tocols in field situations, they probably should have released 
the dolphin sooner (Townsend unpubl. data). 


Veterinary Field Procedures 


When possible, a comprehensive physical examination is per- 
formed on each individual animal, collecting standard health 
parameters, as well as more targeted data collection to address 
specific study questions. The veterinary techniques discussed 
in this chapter have been included primarily to emphasize 
modifications made for field applications. 


Blood Collection 


Following disentanglement and safe restraint, blood is 
usually the first biologic sample collected (Figure 35.1). 
Veterinarians and technicians should be familiar with blood 
collection protocols that are unique to the specific project, 
in order to ensure rapid and accurate sampling while reduc- 
ing animal handling times. Blood is generally collected from 
the ventral aspect of the fluke blades, targeting the periarte- 
rial venous rete (PAVR) as previously described (Ridgway 
1965; Figure 35.2). When the animal is restrained in shal- 
low water, animal care experts hold the tail in a dorsiflexed 
position to allow access to the ventral aspect of the fluke 
blades, with feet firmly planted on the seafloor. After rou- 
tine disinfection of the venipuncture site, care is given to 
avoid seawater contamination. Butterfly catheters attached 
to Vacutainer needles and holders (Rutherford, New Jersey) 
allow for rapid collection with some freedom for movement 
in the field setting. Immediately after collection, blood tubes 
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are transferred to a boat-based laboratory for sample process- 
ing, to include centrifugation, slide preparation, and point- 
of-care field diagnostics. Research objectives dictate testing 
and often include blood chemistries, complete blood counts, 
blood gases, stress and reproductive hormones, immune pro- 
files, biotoxins, infectious agents, and environmental con- 
taminants (e.g., persistent organic pollutants, trace elements, 
petroleum products). 


Urine Collection 


Urine samples may be collected using sterile technique on the 
processing platform, despite the aquatic field setting (Smith et 
al. 2013b, 2014). For male dolphins, a sterile red rubber cath- 
eter (8 French x 60 cm) or multipurpose drainage catheter (8.5 
French x 60 cm) is recommended. Prior to collection, the gen- 
ital slit should be flushed with sterile water and surrounding 
skin gently cleaned with alcohol. Sterile gloves are donned 
and the glove wrapping used as a drape. The catheter protec- 
tive cover is open near the tip end, and the majority of the 
catheter remains in the protective cover. The tip of the cath- 
eter is coated with sterile lube, and the end is inserted into 
the penile urethra and passed through the urethra and into 
the bladder. This method prevents the catheter from becom- 
ing contaminated by surrounding areas. Similar techniques 
are used for female dolphins, with a multipurpose drainage 
catheter (10.2 French x >40 cm), a Foley catheter (10 French x 
>40 cm), or a human urinary “self-catheter” (10 or 12 French x 
40 cm). An assistant is often needed to gently open the uro- 
genital slit with the animal in lateral recumbency, while dor- 
siflexion of the caudal peduncle and flukes may help improve 
visualization of the urethral opening. 


Figure 35.1 In-water blood sampling. Animal 
care experts restrain a bottlenose dolphin during 
a capture—release health assessment. In addition 
to blood collection, multiple procedures are simul- 
taneously being performed to minimize animal 
handling time, to include dorsal fin photographs, 
cattle ear tagging of the dorsal fin for rapid iden- 
tification, and vital sign monitoring. Field team 
vessels can be seen anchored in the distance. 
NMFS Permit #18786. 


Additional Koutine Biological 
Sample Collection 


Other biological samples are collected using standard tech- 
niques with little to no modifications for the field environment, 
other than protecting samples from seawater contamination. 
These include samples such as feces, genital swabs, blowhole 
swabs, respiratory exudate, oral swabs, gastric fluid samples, 
skin lesion biopsies, and skin scrapings. An important note is 
that blowhole and genital swabs should not be scored or eas- 
ily broken; otherwise, accidental breakage of a swab inside 
an orifice can occur. 


Blubber Biopsies 


Full-thickness, wedge biopsies of skin and blubber have 
proven useful for health assessment studies, particularly for 
evaluating environmental contaminant burdens (Schwacke et 
al. 2012). When only small amounts of tissue are needed, 
modified punch biopsies have been utilized, specifically to 
provide additional biopsy depth to allow sampling of both 
skin and blubber. 

Routine procedures for skin disinfection and sterile tech- 
niques for collection are employed (Aguilar and Borrell 1994), 
with inverted “L’ nerve blocks using lidocaine hydrochloride 
(2%) with epinephrine (1:100,000). For more precise biop- 
sies, ultrasound evaluation can be utilized to measure blub- 
ber depth. To improve ease of sampling, a scalpel blade is 
typically inserted at an approximately 45° angle to the skin 
surface, creating elliptical skin incisions both dorsally and 
ventrally (Figure 35.3). A piece of skin and blubber can then 
be dissected out. The center portion should be full-thickness 
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Figure 35.2 Veins used for collection of blood samples from bottlenose dolphin. 


blubber extending to the subdermal sheath in a V-shaped — standardization, wedge biopsies have been routinely col- 
cut with careful dissection to avoid cutting through the sub- lected 10 cm caudal and 10 cm ventral to the trailing edge 
dermal sheath into the muscle. Following removal of tissue, of the dorsal fin on the left lateral body wall. For dolphins 
the wound can be packed with ferric subsulfate-soaked recaptured on subsequent health assessments, biopsies are 
gauze, applying manual pressure to promote clotting. For typically taken from the right side. 
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Tooth Extraction for Age Estimation 


Individual animal age can be important when studying pop- 
ulation health. Dental growth layer group analysis is an accu- 
rate way to estimate animal age; therefore, tooth extraction 
has been routinely performed for this purpose (Hohn et al. 
1989; Hohn 1990; Myrick and Cornell 1990; Myrick 1991). 
Dolphin teeth are single-rooted, and extraction is usually a 
relatively simple procedure requiring one tooth forceps and 
two elevators (one straight and one angled). To begin, the 
dolphin is placed on a foam mat with a handler on each side 
facing forward, each gently placing a knee adjacent to and 
directly behind the patient’s eye, minimizing lateral move- 
ment of the head. The surgeon is directly in front of the 
patient, and damp towels may be utilized to further stabilize 
the upper and lower jaw, depending on the surgeon’s per- 
sonal preference. For right-handed surgeons, the left hand is 
placed in the dolphin’s mouth parallel to the left mandible 
and lateral to the tongue. The dolphin’s mouth is allowed 
to close down on the surgeon’s hand, which subjectively 
appears to increase the animal’s comfort level. Rolling the 
dolphin at a shallow angle away from the surgeon allows 
for better visualization and improved access for dental anes- 
thesia and extraction. The surgeon’s left thumb is used to 
retract the left lip laterally, and the target tooth, typically the 
fifteenth lower left tooth, is identified and marked with an 
indelible pen. The gingiva around the tooth is swabbed with 
20% benzocaine gel, and a Miltex intraligamentary dental 
syringe (York, Philadelphia) outfitted with a 30-gauge, 3/4” 
needle is utilized to infuse 3% mepivacaine hydrochloride 
anesthesia (Figure 35.4). The surgeon carefully slides the 
needle parallel to the tooth into the periodontal ligament 
space, targeting each quadrant with two full ratchets of the 
syringe (~0.2 ml/ratchet). When the needle contacts bone/ 


Figure 35.3 Wedge biopsy procedure for skin 
and blubber collection. Using sterile technique, 
a wedge biopsy is collected from the left lateral 
body wall, in this case for contaminant analysis. 
NOAA Permit #932-1905-MA-009526. 


NMFS Permit 18786 


Figure 35.4 Dental anesthesia. An intraligamentary dental syringe is 
utilized to deliver local anesthesia prior to tooth extraction, performed for 
age estimation. NMFS Permit #18786. 


tooth, repositioning is required to avoid bending the needle 
or breakage of the anesthetic ampule. When the needle is in 
the proper location, the surgeon will feel considerable pres- 
sure during anesthetic injection. 

Anesthesia onset is rapid, so elevation of the tooth 
using Miltex dental elevators can begin soon after injec- 
tion. The tooth is freed from the gingival and periodontal 
ligaments (PDLs) using dental elevators. Straight elevators 
are usually recommended for the buccal, mesial, and dis- 
tal quadrants, while the lingual quadrant is loosened with 
the angled elevator. Properly sharpening the elevators prior 
to the procedure is essential and will help minimize tis- 
sue trauma and decrease procedure time. With the elevator 
parallel to the surface of the tooth, the PDLs are severed 
around the circumference of the tooth. Downward pres- 
sure with the elevator handle in the palm of the operator’s 
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hand will help with this process. Additionally, the elevator 
is rotated to stretch the fibers and held for approximately 
15 seconds at a time, and then repeated on each quad- 
rant until the tooth becomes loose. With proper elevation, 
the tooth can occasionally be elevated and extracted with- 
out the need for the tooth forceps. When this is not pos- 
sible, a tooth forceps may be used to complete extraction. 
Forceps jaws should be placed on the mesial and distal 
quadrants since the tooth will be sectioned for age estima- 
tion, which relies on dentine and cement growth layers in 
the buccal-lingual plane. Once the tooth forceps are prop- 
etly positioned, the tooth should be slightly rotated and 
gently rocked while applying downward pressure to break 
any remaining PDL attachments. Following extraction, the 
alveolus is plugged with an absorbable gelatin sponge. Two 
gelatin sponge strips, ideally measuring 2 x 6 cm and tightly 
rolled, are rapidly packed into the socket to help control 
hemorrhage. The sponges do not need to be removed prior 
to animal release. 


Radiographic Techniques for Age Estimation 


Intraoral radiology techniques were recently developed 
for evaluation of dental pathology during dolphin health 
assessments (Herrman et al. 2014). Techniques are being 
further developed as a noninvasive alternative for age 
determination (Herrman pers. comm.). To acquire dental 
images, a handheld X-ray generator is used, paired with 
phosphor plates encased in sealed plastic sleeves and held 
in a custom-built plate holder for enhanced field operability, 
ease of use, and animal comfort (Figure 35.5). Preliminary 
data have shown age estimations to be accurate for animals 
<15 years of age. Ongoing investigations are underway to 
determine the accuracy of the technique in animals older 
than 15 years. 


Figure 35.5 Dental X-ray examination. Radiographic techniques for 
aging animals are currently being developed using portable digital X-ray 
equipment, typically wrapped in plastic to protect against harsh environ- 

mental conditions. In this case, handlers donned flexible radiation attenu- 
ation gloves, allowing for adequate protection with improved mobility in 
the field environment. NOAA Permit #932-1905-MA-009526. 


Diagnostic Ultrasound 


Diagnostic ultrasound was first incorporated into health 
assessment studies by Dr. Rae Stone, in Matagorda Bay, 
Texas, in 1992 (Sweeney et al. 1992). At that time, portable 
ultrasound units were not engineered for field deployment 
and were susceptible to saltwater damage. Special containers 
were constructed to protect the machines from inadvertent 
ocean spray. Over the past 25 years, technology advances 
have led to field-ready, laptop-size portable ultrasound units 
that are more durable in extreme environmental conditions, 
including splash-proof housings to help prevent water dam- 
age. To allow for image visualization in bright sunlight, units 
can be outfitted with heads-up display goggles. Additionally, 
ultrasound probes are routinely submerged in natural seawa- 
ter without special protection, given proper cleaning is per- 
formed at the end of each field day (Smith et al. 2012). 

In addition to technology advances, standardization of 
techniques and development of field protocols have focused 
on reproductive assessment (male and female) and pregnancy 
determination, to include more sophisticated measures of 
fetal, placental, and maternal health, as well as pulmonary 
health evaluation with lung scoring (Schwacke et al. 2014; 
Smith 2017). Further, comprehensive ultrasound exams are 
now a routine part of wild dolphin health assessments and 
include rapid evaluation of kidneys, bladder, liver, pancreas, 
and marginal lymph nodes based on previously described 
techniques (Smith et al. 2012, 2013a, 2013b; Wells et al. 2014; 
Martony 2016; Seitz et al. 2016). Although evaluation criteria 
have not been established in the peer-reviewed literature for 
superficial cervical lymph nodes, forestomach, fundic cham- 
ber, pylorus, intestines, or spleen, data on these organs have 
been consistently included in data collection protocols (see 
Chapter 24). Ultrasound has proven to be an invaluable tool 
for gathering rapid, real-time health data from free-ranging 
cetaceans. 


Auditory Evoked Potential 


Evoked potential audiometry (AEP) has been established for 
assessing the hearing range and sensitivity of individual ani- 
mals, which is essential for determining the potential impacts 
of ocean noise on population health (Houser and Finneran 
2005, 2006). The techniques have been adapted for other spe- 
cies of odontocete, including belugas (Delphinapterus leucas; 
Castellote et al. 2014). Portable units have been developed to 
allow incorporation of AEP into field health assessment pro- 
tocols, and techniques have been modified to enable both in- 
water and out-of-water data collection (Figure 35.6). Resulting 
audiograms are evaluated for evidence of complete or incom- 
plete hearing loss, which would have significant implications 
on an animal's ability to successfully forage and/or navigate 
its ocean environment. As AEP systems are further modified 
for routine field use, hearing tests will likely become standard 
components of cetacean health exams. 
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Figure 35.6 Breath collection and evoked potential audiometry. A hand- 
held device is being utilized to sample exhaled breath from a bottlenose 
dolphin for chemical analysis, while a hearing test (evoked potential 
audiometry; AEP) is simultaneously performed. Additional data are being 
collected, including ultrasound-based bone density measurements and 
ECG monitoring readings. NUFS Permit #18786. 


Exhaled Breath Collection and Analysis 


Chemical analysis of exhaled breath condensate and vapor 
is an emerging, noninvasive tool to evaluate dolphin health 
(Aksenov et al. 2014; Zamuruyev et al. 2016). Breath metabo- 
lites have been measured in an attempt to assess physiologi- 
cal conditions and disease states. Breath condensate samples 
are collected using a handheld device engineered to immedi- 
ately freeze exhaled breath followed by extraction of frozen 
pellets, specifically by capturing exhaled breath in a glass 
tube packed in dry ice (Figure 35.6). Frozen samples are 
shipped to the laboratory for chemical analysis, offering the 
potential to collect metabolomic data that provide a more 
in-depth understanding of individual animal and popula- 
tion health. In some situations, exhaled breath vapor may be 
collected and is used for pathogen detection and hormone 
analyses. 


Health Grades and Prognosis Scores 


When evaluating the overall health of marine mammals 
in human care, health assessment begins by gathering the 
patient’s history. For wild dolphin health assessments, 


historical data on individual animals are rarely available, and 
veterinarians must rely on the clinical picture established dur- 
ing a single health examination. Previous attempts to grade 
health solely on objective blood data were limited by a lack 
of standardization of analytical techniques and the variability 
in testing among diagnostic laboratories (Wells et al. 2004). 
More importantly, there were multiple parameters that were 
not considered, including body condition (nutritional status), 
ultrasound evaluation of organ health, and immune status. 
Improvements in approach were needed in order to produce 
meaningful health scores. 

During the Deepwater Horizon oil spill investigation, a 
more comprehensive approach to developing health scores 
was established (Schwacke et al. 2014; Smith 2017). In this 
study, prognosis scores were assigned for each individual 
dolphin, encompassing comprehensive medical evalua- 
tions that typically included the following data: heart rate; 
respiratory rate and character; attitude, responsiveness, 
and overall stability; morphometric data; calculated mass— 
length ratio; complete blood counts and serum chemistries; 
stress and reproductive hormone levels; blowhole and fecal 
cytology; pulmonary, renal, and reproductive ultrasound 
data; dentinal growth layer analysis for age determination; 
and infectious disease diagnostics on biologic samples col- 
lected. Prognosis scores ranged from good to grave based 
on expected survival outcome. Ultimately, these are sub- 
jective scores influenced by the collective body of knowl- 
edge available to the assigning veterinarians, as well as the 
breadth of their clinical experiences. These scores were 
predictive of survival, with animals from Barataria Bay with 
low scores having lower probability of survival (Schwacke 
et al. 2014). Efforts are continuing to increase the objectivity 
of data interpretation, which will further enhance the use- 
fulness of prognosis determinations in population health 
assessments. 
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Introduction 


Effective conservation and management of large whale pop- 
ulations depends on reproductive parameter information, 
monitoring health of individuals and populations, and under- 
standing the impacts and significance of both natural envi- 
ronmental variation and anthropogenic stressors (e.g., habitat 
disturbance, fishing gear entanglement, vessel strikes, and 
underwater noise). Assessing health in large whales is chal- 
lenging because live-capture for examination and handling 
is not safe or practical, observation and sample collection 
from largely submerged animals is difficult, and almost all 
large whales range over vast distances, making them diffi- 
cult to access throughout all stages of their life cycle. In the 
past, all information relevant to health of large whales was 
obtained from studies of carcasses from commercial whaling, 
subsistence hunts, or strandings. More recently, noninvasive 
(or minimally invasive) methods using analyses of alternative 
sample types and remote approaches have been developed 
to gain insight into body condition, health status, reproduc- 
tive physiology, and stress responses of free-swimming large 
whales. Application of these novel approaches has greatly 
enhanced our ability to understand the health of individ- 
ual whales and health trends in demographic groups and 
populations. 

This chapter addresses health-related studies of non- 
captive large whales, including the baleen whales (suborder 
Mysticeti) and sperm whales (Physeter macrocephalus), and 
presents remote approaches to data and sample collection to 
study health without capturing or handling animals. Examples 
of parallel health studies in free-swimming odontocetes 
including killer whales (Orcinus orca) and beluga whales 
(Delphinapterus leucas), using similar approaches, will also 
be briefly discussed. Table 36.1 summarizes the methods 
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Table 36.1 Methods to Assess Health in Free-Swimming Large Whales According to Type of Sample or Data 
Data/Sample Type Species Parameter(s) Measured References 
Photographs Eubalaena glacialis, Body condition, skin lesions, _ Pettis et al. 2004; Hamilton and Marx 2005; 
Eschrichtius robustus blowhole cyamids, rake Rolland et al. 2007a, 2016; Bradford et al. 2012 
marks 
Megaptera novaeangliae, Anthropogenic scars (fishing Neilson et al. 2009; Bradford et al. 2009; 
E. glacialis, E. robustus, gear entanglement, ship Knowlton et al. 2012; Robbins et al. 2013; 
Balaenoptera musculus propellers, tracking tags) Gendron et al. 2015; Norman et al. 2017 
Morphometric E. robustus, E. glacialis, Body condition, pregnancy Best and Ruther 1992; Angliss et al. 1995; 
photographs Eubalaena australis, Cubbage and Calambokidis 1987; Koski et al. 


Amplitude mode 
ultrasound 

Skin and blubber 
biopsy 


Skin swab 
Fecal samples 


Respiratory vapor 
(blow) 


B. musculus, Balaena 
mysticetus, Orcinus orca, 
M. novaeangliae 


E. glacialis, E. australis 


E. glacialis, Balaenoptera 
physalus, B. musculus, 
Balaenoptera acutorostrata, 
Physeter macrocephalus, 

O. orca 
B. physalus, 
P. macrocephalus, 
E. glacialis, M. novaeangliae 
E. glacialis, P macrocephalus 


Balaenoptera acutorostrata, 
B.mysticetus, M. novaeangliae 

M. novaeangliae, E. glacialis 

E. australis 

E. glacialis, O. orca 

E. glacialis, B. musculus 


E. glacialis, O. orca 


E. glacialis, B. musculus, 

Balaenoptera borealis, 

B. physalus, P macrocephalus 
E. glacialis, M. novaeangliae 
M. novaeangliae, B. musculus, 

E. robustus, B. physalus, 

P. macrocephalus 
Orcinus orca M. novaeangliae 
M. novaeangliae, E. glacialis, 

P. macrocephalus, D. leucas 


Blubber thickness 


Organochlorine chemicals, 
polycyclic aromatic 
hydrocarbons, 
polyhalogenated aromatic 
hydrocarbons 

Biomarker activity (e.g., 
cytochrome p450 1A1 and 
mixed function oxidase) 

Chromium, cytotoxicity and 
genotoxicity in cell culture 

Reproductive hormones 


Skin microbiomes 
Bacteriology 
Organochlorine chemicals 
Marine biotoxins 


Reproductive and 
glucocorticoid steroid 
hormone metabolites 

Protozoa, metozoan 
parasites 


Gastrointestinal microbiome 
Microbiology 


Microbiome 


Reproductive, adrenal, 
and thyroid hormones 


1992; Perryman and Lynn 2002; Pitman et al. 

2007; Gilpatrick and Perryman 2008; 

Fearnbach et al. 2011; Miller et al. 2012; Durban 

et al. 2015, 2016; Christiansen et al. 2016 
Moore et al. 2001; Miller et al. 2011 


e.g., Woodley et al. 1991; Aguilar and Borrell 
1994; Marsili et al. 1998; Ross et al. 2000; 
Weisbrod et al. 2000; Godard-Codding et al. 
2011 


Marsili et al. 1998; Miller et al. 2004; Godard- 
Codding et al. 2011 


Wise et al. 2008, 2009 


Mansour et al. 2002; Kellar et al. 2013b; Vu et al. 
2015 

Apprill et al. 2014 

Fiorito et al. 2016 

Weisbrod et al. 2000; Lundin et al. 2016 

Lefebvre et al. 2002; Rolland et al. 2007b; 
Leandro et al. 2010; Doucette et al. 2012 

Rolland et al. 2005; 2007b; 2012; in review; Hunt 
et al. 2006; Ayres et al. 2012 


Hughes-Hanks et al. 2005; Rolland et al. 2007b; 
Hermosilla et al. 2015, 2016 


Sanders et al. 2015 


Acevedo-Whitehouse, Rocha-Gosselin, and 
Gendron 2010 


Raverty et al. 2017; Apprill et al. in press 


Hogg et al. 2009; Dunstan et al. 2012; Hunt, 
Rolland, and Kraus 2013; Thompson et al. 2014 


and types of samples currently available to study health in 


free-swimming large whales. 


Remote Health Assessment 


Three remote sampling approaches have proven valuable in 
large whales: visual health assessment from boat-based and 


aerial imagery; ultrasonic measurement of blubber thickness; 


and manned and, more recently, unmanned aircraft photo- 
grammetry. Visual evaluation of photographs and measure- 
ment of the external dimensions of large whales have provided 


data on body condition, growth of young whales, epidermal 


lesions, ectoparasites, and anthropogenic impacts on health. 


Body condition is indicative of the energetic resources, nutri- 
tional status, and overall health of free-swimming large 
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whales. As nutritional status improves or declines, changes 
in blubber and visceral adipose stores and underlying muscle 
can be detected by changes in body contours, dimensions, 
and blubber depths. Factors impacting health or the ability to 
feed (e.g., fishing gear entanglement) can significantly deplete 
energetic stores (van der Hoop et al. 2015). Body condition 
metrics have been correlated with individual and population 
health, annual variability in prey resources, and the effects 
of anthropogenic stressors (Moore et al. 2001; Perryman and 
Lynn 2002; Miller et al. 2011, 2012; Rolland et al. 2016). The 
high metabolic demands of reproduction in large whales, 
especially lactation, require adequate blubber energetic stores 
for successful calving (see Chapter 29). Studies of both liv- 
ing (Miller et al. 2011, 2012; Rolland et al. 2016) and harvested 
whales (Lockyer 1986; Williams et al. 2013) have demon- 
strated the direct connection between body condition, blub- 
ber stores, prey availability, and successful reproduction. 


Visual Health Assessment 


A semiquantitative method developed for North Atlantic right 
whales (Eubalaena glacialis) assessed visible health indica- 
tors using photographs routinely taken for individual whale 
identification (Pettis et al. 2004; Rolland et al. 2007a). Four 
physical parameters were scored on a two- or three-point 
rank scale: (1) body condition, (2) skin condition, (3) rake 
marks (anterior to the blowholes), and (4) blowhole cyam- 
ids (Figure 36.1). These parameters were chosen based 
on the appearance of right whales known to be in com- 
promised health (e.g., whales severely entangled in fishing 
gear). Boat-based photographs of the lateral body profile 
above the waterline from the tip of the rostrum to the flukes 
can often be evaluated for all four parameters. However, in 
this right whale study, conventional high-altitude aerial photo- 
graphs could be evaluated for skin condition, and sometimes 
for body condition, but not usually for other parameters, due 
to greater distance from the whale and decreased resolution 
(note that recent development of unmanned aerial systems 
allows for remote images to be taken closer to the whale; 
see below). Body condition scoring using images taken 
from a boat is based on the degree of convexity or concav- 
ity just posterior to the blowholes (postcranial or nuchal 
region) and reflects the relative amount of subcutaneous 
fat in this area. In aerial photographs, significant declines 
in body condition appear as decreased body width and 
increased prominence of the scapula and spine in severely 
thin whales. Skin condition is assessed on the basis of the 
number and severity of epidermal lesions, the total area of 
skin sloughing, and the abnormal presence of orange cya- 
mids (.e., crustacean ectoparasites) on the head and body. 
Rake marks (in this context) are two or more elevated white 
to gray parallel lines in the epidermis anterior to the blow- 
holes, which are scored based on their number and promi- 
nence. Rake marks are frequently present in right whales 
with poor body condition, and while histological studies 


Figure 36.1 (a) A North Atlantic right whale (#3911) observed in good 
health on 10 February 2010. (Courtesy of Florida Fish and Wildlife 
Conservation Commission, NOAA Permit no. 775-1875.) (b) The same 
whale observed in poor health on 15 January 2011 following fatal 
entanglement in fishing gear. (Courtesy of Georgia Department of 
Natural Resources, NOAA Permit no. 932-1905/MA-009526.) Poor body 
condition is shown by postcranial concavity in the dorsal profile (white 
arrow), skin lesions and widespread orange cyamid coverage (yellow 
circles), orange cyamids along the margins of the blowholes (white 
circle), and rake marks anterior to the blowholes (yellow arrow). White 
fishing line is seen exiting the margin of the lips next to the yellow circle 
on the left. (Reprinted with permission from Rolland, R. et al., Health of 
North Atlantic right whales Eubalaena glacialis over three decades: From 
individual health to demographic and population health trends, Marine 
Ecology Progress Series 542: 265-282, 2016.) 


have not been conducted to confirm their origin, these rake 
marks may result from the collapse of underlying tissues 
with loss of condition. Finally, the presence of orange cya- 
mids along the blowhole margins only occurs in whales in 
poor health, and this parameter was scored as either good 
or poor. Figure 36.1 illustrates the visual health assess- 
ment parameters in a North Atlantic whale scored in good 
health and then in compromised health following entangle- 
ment in fishing gear. 

Visual health scores have proven useful for monitoring 
health at both the individual and population levels. Trends 
in health scores in North Atlantic right whales entangled 
in commercial fishing gear have been used to assess the 
urgency of the need for intervention by whale disentangle- 
ment teams and to predict the prognosis for long-term sur- 
vival. Lower visual health scores have been directly linked 
to reduced reproductive success, and poor body condition 
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is strongly predictive of mortality (Pettis et al. 2004; Rolland 
et al. 2007a, 2016). A Bayesian modeling approach based 
on North Atlantic right whale visual health data identified a 
health threshold for successful calving and found decreasing 
health of the population over three decades (Schick et al. 
2013; Rolland et al. 2016). 

Bradford et al. (2012) employed a modified visual 
approach using the postcranial, scapular, and flank areas 
to monitor body condition in the endangered population of 
western gray whales (Eschrichtius robustus). Body condition 
of gray whales varied both annually and seasonally, with 
body condition improving with time on the summer feed- 
ing grounds. Lactating female gray whales had significantly 
decreased body condition, in agreement with findings by 
Pettis et al. (2004) in North Atlantic right whales and reflect- 
ing the normal mobilization of blubber lipids while provid- 
ing a rapidly growing calf with lipid-rich milk (Fortune et al. 
2012, 2013). 


Epidermal Lesions, Anthropogenic Scars, and Tag 
Reactions Photographs provide descriptive and temporal 
data on epidermal C‘skin”) lesions, anthropogenic impacts 
on large whales (using the appearance of characteristic scars 
from entanglement in commercial fishing gear, and encoun- 
ters with ship propellers), and reactions to implantable track- 
ing-tags (Robbins et al. 2013). 

The prevalence and morphology of skin lesions has 
been described in blue whales (Balaenoptera muscu- 
lus) off southern Chile (Brownell et al. 2007) and North 
Atlantic right whales (Hamilton and Marx 2005). Both 
studies described pox-like and vesicular (or blister-like) 
lesions. Hamilton and Marx (2005) found a high prevalence 
of white skin lesions (52% of the population affected) in 
North Atlantic right whales, and these coincided with dra- 
matically reduced calving rates in this population, although 
a direct causal connection was not established. A less 


common type of white lesion (@ “swath” lesion) was found 
only in entangled whales whose prognosis for survival was 
poor. It is difficult to obtain histologic and molecular diag- 
nostics of discrete skin lesions on living whales because 
of the challenge of obtaining remote biopsy samples of 
them from a whale at sea. However, photographic anal- 
ysis combined with skin biopsies found widespread epi- 
dermal lesions consistent with acute severe sun damage 
secondary to UV radiation exposure in blue whales, fin 
whales (Balaenoptera physalus), and sperm whales in the 
Gulf of California, with an increasing frequency over time, 
possibly related to thinning of the ozone layer (Martinez- 
Levasseur et al. 201). Epidermal lesions in Southern right 
whale (Z. australis) calves were sampled at sea using sterile 
swabs attached to a 5 m pole, and Erysipelothrix rhusio- 
pathiae was isolated (Fiorito et al. 2016). E. rhusiopathiae 
is a gram-positive bacterium that infects a wide variety of 
animal species Gincluding humans). This can be a signifi- 
cant pathogen, particularly in swine, causing characteristic 
diamond-shaped skin lesions, arthritis, endocarditis, and 
sepsis (see Chapter 18). Skin lesions in odontocetes and 
from stranded large whales, where diagnostic samples were 
obtainable, have been linked to both infectious disease 
organisms and environmental factors (Van Bressem et al. 
1994; Van Bressem and Van Waerebeek 1996; Wilson et al. 
2000; Hart et al. 2012; Fiorito et al. 2015). 

Figure 36.2 shows the characteristic scar patterns 
resulting from nonlethal entanglement in fixed fishing gear 
and vessel collisions. Entanglement in fishing gear leaves 
linear and wrapping scars and marks on the head, peduncle, 
flukes, and flipper insertions, which can be used to estimate 
the frequency of these events, and impacts on health. The 
majority of North Atlantic right whales (83%) and southeast 
Alaska humpback whales (71%, Megaptera novaeangliae) 
have been entangled at least once, and over 15% of North 
Atlantic right whales are entangled annually (Knowlton and 


Figure 36.2 Characteristic scars on North Atlantic right whales from (a) entanglement in fishing gear (white scars and epidermal erosions) and 
(b) an encounter with a ship propeller. Analysis of scar occurrence is used to estimate rates of sublethal entanglement and ship strikes in this endan- 
gered whale population. (Courtesy of New England Aquarium, NOAA Permit no. 655-1652-00.) 
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Kraus 2001; Neilson et al. 2009; Knowlton et al. 2012). Scar 
analyses in western gray whales found 18% had been entan- 
gled and 2% had scars from encounters with ship propellers 
(Bradford et al. 2009). Chronic entanglement in fishing gear 
has significant negative impacts on health, resulting from 
the increased drag of carrying gear, impaired swimming and 
feeding, and deep lacerations leading to infection and sepsis 
(Moore and van der Hoop 2012; van der Hoop et al. 2015). A 
mark-recapture analysis of North Atlantic right whales carry- 
ing fishing gear found significantly lower survival in whales 
in poor health (detected visually; Robbins, Knowlton, and 
Landry 2015). 

Photographic assessment of wounds caused by implant- 
able tracking-tags has proven to be a valuable tool in evalu- 
ating the acute and chronic impacts of these tags (Robbins 
et al. 2013; Gendron et al. 2015; Norman et al. 2017). Tag site 
reactions have ranged from focal depressions to persistent, 
broad swelling, as seen in Figure 36.3. Repeated sightings 
and photographs of whales with implanted tags can reveal 
instances of tag design flaws and help explain shorter-than- 
expected tag data transmission (see Chapter 32). Thus, 


Figure 36.3 Reactions to implantable tracking-tags. (a) A depression 
on the flank of a humpback whale after implantation with a transdermal/ 
intramuscular tracking-tag. (b) Regional swelling on the flank of a hump- 
back whale after implantation with a transdermal/intramuscular tracking- 
tag. (Courtesy of Center for Coastal Studies, NOAA Permit no. 16325.) 


long-term follow-up studies can be very valuable to tag devel- 
opment and attempts to understand resultant pathology. 


Blubber Ultrasound Measurement 


A standard approach to monitoring body condition in farm 
animals is through use of amplitude mode (A mode) ultra- 
sonic back-fat scanners. This is the simplest type of ultra- 
sound. A single transducer scans a line through the body, 
and the echoes are plotted onto a screen as a function of 
depth. Such tools have insufficient penetration for the scale 
of whale blubber, but tools using the same technology in 
the industrial discipline of “nondestructive testing” have 
been used successfully in large whales at sea (Moore et 
al. 2001). Figure 36.4 shows the ultrasound transducer 
attached to the tip of a 12 m carbon fiber pole, which is 
cantilevered obliquely off the bow of a small boat. Results 
from the only extant study using this technique (Miller et 
al. 2011) showed that North Atlantic right whales in the 
Bay of Fundy had significantly thinner blubber layers as 
compared to Southern right whales (2. australis) off South 
Africa. This study suggested there were differing levels of 
nutrition between the two species, that blubber thickness 
is indicative of right whale energy balance, and that the 
marked fluctuations in North Atlantic right whale repro- 
duction may have a nutritional component. There is a good 
reason, however, why at-sea ultrasound has not become a 
routinely used tool; data acquisition and analysis is slow, 
and body lipids are dynamic in viscera and muscle as well 
as blubber. Whole-body aerial photogrammetry (see below) 
integrates observations of both blubber and other tissues 


Figure 36.4 Amplitude mode ultrasound measurement of dorsal blub- 
ber thickness in a North Atlantic right whale. The transducer, with its 
base covered in acoustic gel, is embedded in a hinged plate that is briefly 
placed on the back of the whale to record a vertical echo from the sub- 
dermal sheath, enabling a measurement of blubber thickness. (Courtesy 
of Carolyn Miller, WHOI, Canadian Fisheries Permit no. 2000-014. 
Reprinted from Kraus, S. D., and R. M. Rolland, The Urban Whale: North 
Atlantic Right Whales at the Crossroads, 273-309, Cambridge: Harvard 
University Press, 2007. With permission.) 
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in assessing nutritional status and is therefore a better tool 
for routine, year-to-year body condition assessment. 


Aerial Photogrammetry and 
Health Assessment 


Manned aircraft have been used to undertake aerial pho- 
togrammetry in bowhead whales (Balaena mysticetus), 
North Atlantic and Southern right whales, gray whales, blue 
whales, humpback whales, and killer whales (Cubbage and 
Calambokidis 1987; Best and Riither 1992; Koski et al. 1992; 
Angliss et al. 1995; Perryman and Lynn 2002; Pitman et al. 
2007; Gilpatrick and Perryman 2008; Fearnbach et al. 2011, 
Miller et al. 2012; Durban et al. 2015, 2016; Christiansen et 
al. 2016). To obtain accurate measurements, a photo (vertical 
image) is taken from directly above the whale using an opti- 
cally flat lens, at a precisely known altitude. When using con- 
ventional fixed-wing aircraft, the camera must be equipped 
with “forward motion compensation” (to maximize quality 
in multiple overlapping images). Such flights, which are typi- 
cally conducted at an altitude of 120-180 m, often involve 
an externally mounted camera. In recent years, unmanned 
vertical takeoff and landing multicopter aerial systems (UAVs) 
have become increasingly popular, and given the lower 
costs of acquisition and deployment, greater safety and bet- 
ter image quality resulting from flying the camera over the 
whale at a lower altitude have supplanted manned flights. 


UAVs are typically flown at 25-60 m altitude (depending 
on species and permit limitations). They produce excellent 
image quality and can provide high-resolution images of the 
dorsal aspect, generating data on scarring, cyamids, and skin 
discoloration. Recent studies of killer whales and blue whales 
(Durban et al. 2015, 2016) have illustrated the value of these 
unmanned systems to track individual whale body condition 
(Figure 36.5). Older high-quality archived manned flight 
images, acquired vertically with accurate altitude data, can be 
directly compared to more recent unmanned aircraft images. 
For instance, Miller et al. (2012) measured total length and 
body width at every 10% of body length in North Atlantic 
and Southern right whales. Body width was most variable 
at 60% of body length aft from the snout. For females, these 
width-to-length ratios varied with lactation and pregnancy 
and during the intercalving interval. Longitudinal studies 
to assess temporal and geographic changes in body con- 
dition can be valuable in assessing individual and popula- 
tion health. Therefore, long-term studies of body length and 
shape are valuable in understanding the impact of nutritional 
and other stressors on whale health. Photogrammetry has 
also been used for estimating body weight for drug dose cal- 
culation at sea (Moore et al. 2013). Additionally, quantitative 
measurements obtained using photogrammetry can be used 
to monitor growth in young whales. 

In summary, remote health assessment approaches can be 
valuable tools, especially when used in concert. For example, 


Figure 36.5 Vertical image of a blue whale in poor body condition in the Gulf of Corcovado, Chile, taken from an altitude of 50-60 m by a camera 
mounted on an unmanned hexacopter. High-quality images for photogrammetry are best achieved when the whale’s body is straight and parallel to 
the water surface. (Courtesy of John Durban, NOAA, Chilean Fisheries Permit no. MERI 488-FEB-2015.) 
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boat-based imagery of satellite tag wounds can be accompa- 
nied by visual health assessment and aerial body condition 
measurement, thus allowing a comprehensive assessment of 
the health of a tagged individual. Other stressors could simi- 
larly be assessed using this array of remote tools, perhaps in 
concert with suitable endocrine assays of biological samples 
from the same whales (as described below). 


Endocrinology Using Alternative 
Biological Matrices 


Large whale endocrine studies include the following: mea- 
surement of the major reproductive hormones (i.e., estrogen, 
progesterone, testosterone) and/or their metabolites to gain 
insights into reproductive state; glucocorticoid hormones and 
metabolites (e.g., cortisol, corticosterone) to quantify relative 
adrenal stress responses and as an indicator of overall health 
or fitness; and thyroid hormones (triiodothyronine [T3]) as a 
biomarker of metabolic state. Currently there are no methods 
to obtain blood samples from free-swimming large whales 
to directly measure circulating hormones, but quantitative 
methods using alternative tissue types are yielding physio- 
logic data on reproductive condition, stress, and metabolic 
state (reviewed in Amaral 2010; Atkinson et al. 2015; de Mello 
and de Oliveira 2016). Biological samples used for endocrine 
studies in free-swimming whales include feces (scat), blubber, 
and exhaled respiratory vapor condensate (blow). Hormones 
measured in each sample type represent different time scales: 
blow hormones are an immediate proxy for circulating levels; 
levels of fecal hormones reflect circulating parent hormones 
an estimated 1-2 days prior to sampling in large whales (see 
below); and blubber hormones reflect blood levels over a 
longer lag time, although the pharmacokinetics of hormone 
deposition and mobilization in blubber are not entirely under- 
stood (Rolland et al. 2005; Atkinson et al. 2015; Champagne et 
al. 2017). These remote sampling methods have the advantage 
of being either noninvasive (scat, blow) or minimally invasive 
(blubber/skin biopsy), causing little or no disturbance to the 
target individual. Earplug (see Chapter 13) and baleen plate 
samples collected during necropsies have been analyzed for 
steroid hormones and provide retrospective data on the phys- 
iologic condition of the whale while it was living (Trumble et 
al. 2013; Hunt et al. 2014, 2016). 


Fecal Hormones 


Immunoassay of fecal hormone metabolites (“fecal hor- 
mones” hereafter) has been widely used in terrestrial wild- 
life and birds for many decades, and this approach has 
been successfully adapted for large whales. In vertebrates, 
circulating steroid hormones are turned over by the liver, 
conjugated, and excreted with bile into the gastrointestinal 
tract. A mix of hormone metabolites is extracted from feces 


and measured using antibodies to the target hormones in 
enzyme immunoassays or radioimmunoassays. Because 
excreted hormone metabolites differ by species, it is cru- 
cial to conduct both physiologic and biologic validations for 
each new species under study (Palme et al. 2005; Touma 
and Palme 2005). Fecal hormones represent an integrative 
measure of the average pattern of circulating parent hor- 
mone levels, eliminating diurnal or pulsatile fluctuations, 
making this sampling strategy ideal for determining base- 
line levels and physiologic responses to environmental or 
anthropogenic disturbances (Rolland et al. 2005, 2007b, 
2012, in review; Dickens and Romero 2013; Dantzer et al. 
2014). The temporal pattern of hormones in feces is deter- 
mined by turnover rates in the blood, and primarily by gas- 
trointestinal transit time for the species (Palme et al. 2005; 
Goymann 2012). Although this has not been determined 
experimentally for any noncaptive large whales, it is esti- 
mated that fecal hormones in North Atlantic right whales 
represent average blood levels ~1-2 days before sample col- 
lection (Rolland et al. 2005; 2007b). 

Success with this method in large whales requires that 
the whales be actively feeding (so they are producing feces), 
and that a sufficient mass of feces can be collected shortly 
after defecation (before the fecal material sinks). Buoyant 
feces can be collected using a fine mesh dip net (Rolland 
et al. 2005), while more fluid feces require sampling of sea- 
water and feces in a nonpermeable scoop followed by centri- 
fuging off the liquid (Ayres et al. 2012). Scent detection dogs 
working from the bow of a boat and trained on fecal samples 
from the target species have dramatically increased sampling 
rates in North Atlantic right whales (Rolland et al. 2006) and 
Southern Resident killer whales off the state of Washington 
(Ayres et al. 2012). 

Fecal hormone assays of samples from North Atlantic 
right whales have been used to quantify metabolites of the 
major reproductive hormones (referred to as “estrogens,” 
“progestins,” and “androgens”) to assess reproductive status 
and adrenal glucocorticoids (GCs) to quantify relative adre- 
nal stress responses (Rolland et al. 2005, 2007b, 2012; Hunt 
et al. 2006). Because of the ability to identify individual 
right whales, and availability of four decades of population 
and photo-identification surveys, the extensive life history 
and calving data available for individual whales allow for 
comparison of physiologic state to fecal hormone levels in 
known right whales. Thus, the ratio of fecal androgens to 
estrogens accurately determines sex; highly elevated pro- 
gestins are 100% accurate for pregnancy diagnosis; estro- 
gens are higher in lactating females versus nonreproducing 
females; and elevated androgens indicate sexual maturity 
in males (Rolland et al. 2005, 2007b). Fecal GCs vary sig- 
nificantly by sex and reproductive state and are normally 
higher in pregnant females and mature males (Hunt et al. 
2006; Rolland et al. 2007b). Whales with severe, chronic 
entanglements in fishing gear, which ultimately led to death, 
have been found to have extreme elevations of fecal GCs. 
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Similarly, a live-stranded right whale had extreme elevations 
in fecal GCs, as well as high circulating levels of both corti- 
sol and corticosterone (Rolland et al. in review). By applying 
a classification tree approach to levels of fecal reproduc- 
tive and adrenal hormones, right whales could be accurately 
allocated to sex and reproductive status for most life history 
stages (Corkeron et al. 2017). 

Fecal GCs have been widely applied to detect chronic 
stress in wildlife and are particularly useful for quantifying 
responses to anthropogenic stressors (Dickens and Romero 
2013; Dantzer et al. 2014). At the population level, chronic 
exposure to underwater noise from large commercial ships 
was associated with significantly elevated fecal GCs in North 
Atlantic right whales (Rolland et al. 2012). In killer whales, 
measurement of fecal GCs coupled with thyroid hormones 
(T3) as an indicator of nutritional state was used to assess the 
relative impacts of prey availability and vessel disturbance 
(Ayres et al. 2012). 


Blubber Hormones 


Steroid hormones are lipophilic and accumulate in blub- 
ber, from which they can be extracted with organic solvents 
and quantified by immunoassay. In noncaptive cetaceans, 
samples are collected remotely using biopsy darts propelled 
by either a cross-bow or a pneumatic rifle. These biopsies: 
yield small samples of epidermis and the underlying der- 
mis or blubber. Recently, methods have been validated in 
several species of small odontocetes showing that blubber 
progesterone is highly elevated with pregnancy (Kellar et 
al. 2006, 2013a; Trego, Kellar, and Danil 2013), high tes- 
tosterone levels reflect male sexual maturity (Kellar et al. 
2009), and blubber cortisol can be used as a biomarker of 
stress (Champagne et al. 2017; Kellar, Catelani, and Robbins 
2015). Based on studies of hunted whales, concentrations 
of blubber progesterone were used to accurately diagnose 
pregnancy in minke whales (Balaenoptera acutorostrata), 
and pregnancy and sexual maturity in bowhead whales 
(Mansour et al. 2002; Kellar et al. 2013b). In bowheads, blub- 
ber progesterone correlates with serum concentrations, with 
a lag time integrating serum levels over weeks to months. 
Immunoassay of testosterone in blubber from free-swim- 
ming humpback whales showed distinct seasonality, with 
higher levels during the breeding season (Vu et al. 2015). 
Therefore, measurement of steroid hormones in blubber col- 
lected using remote biopsy darts is a viable technique for 
endocrine studies in noncaptive large whales, although vari- 
ability in hormone concentration with the blubber depth 
and body location remain possible confounders to interpre- 
tation. Additionally, the temporal aspects of hormone depo- 
sition and mobilization from blubber are not known for most 
hormones in large whales. 


Respiratory Vapor (Blow) Hormones 


Steroid hormones have also been detected in exhaled respi- 
ratory vapor or “blow” from large whales. Boat-based field 
studies have shown that it is feasible to collect blow samples 
from whales at sea, although it requires a close approach to 
obtain samples. This method permits deliberate sampling of 
targeted individuals and repeated sampling of whales over 
time. Hormones are present at very low concentrations in blow 
and are thought to represent circulating hormone levels with a 
physiologic timeframe of minutes for the compounds to enter 
the respiratory airways and be exhaled. Samples are collected 
using a cantilevered or handheld carbon fiber pole with a sam- 
pling substrate attached to the end of the pole. This sampling 
apparatus is positioned directly over the blowholes during 
exhalation, as shown in Figure 36.6. Blow samples have also 
been collected from whales for microbiology using a remote- 
controlled helicopter and multicopter (Acevedo-Whitehouse, 
Rocha-Gosselin, and Gendron 2010; Apprill et al. Gin press), but 
given low concentrations of blow hormones and the need to be 
close to the blowholes to obtain sufficient sample for hormone 
analysis, it has not been determined if sufficient sample volume 
can be attained with this approach for hormone analyses. 
Testosterone and progesterone were detected in blow 
samples collected from free-swimming humpback and North 
Atlantic right whales using liquid chromatography—mass spec- 
trometry (Hogg et al. 2009). Hormone concentrations were 
not quantified, and not all samples had measurable hormone, 
but when hormones were detected, they were correlated with 
the whale’s sex. Immunoassays were successfully validated 
in blow samples collected from North Atlantic right whales 
for a suite of hormones including estrogens, progesterone, 
testosterone, cortisol, and T3 (Hunt, Rolland, and Kraus 2013). 


Figure 36.6 Collecting a blow sample from a North Atlantic right whale 
using a polystyrene dish deployed at the end of a cantilevered carbon 
fiber pole. (Courtesy of Elizabeth Burgess, New England Aquarium, 
NOAA Permit no. 14233.) 
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Progesterone and cortisol were measured in blow from sperm 
whales, humpback whales, and two species of small odonto- 
cetes using liquid chromatography coupled with tandem mass 
spectrometry (Dunstan et al. 2012), and blow cortisol was 
detected using enzyme immunoassays in both captive and 
wild beluga whales (Thompson et al. 2014). 

Recent work has shown that the choice of sampling sub- 
strate is critical for blow collection, as some sampling materials 
(including nylon veil and nitex nylon mesh) cause significant 
interference in immunoassays (Burgess et al. 2016). The most 
precise and accurate sampling device is a polystyrene dish 
(Figure 36.6). The major challenge to application of the blow 
hormone approach to assess physiologic state in large whales is 
quantification of hormone concentrations because of variable 
seawater dilution of samples (Hunt, Rolland, and Kraus 2013). 
It is possible that a constantly excreted substance in blow can 
be identified and used to standardize concentrations, similar to 
the use of creatinine in urinalysis. In addition, baseline levels 
of blow hormones need to be characterized by sex, age, repro- 
ductive classes, and seasons for different species before vari- 
able concentrations of hormones can be accurately interpreted. 


Earplugs (Cerumen) and Baleen 


Although not applicable to living whales, steroid hormones 
have been quantified in an earplug from a blue whale 
(Trumble et al. 2013) and in baleen from bowhead whales 
and North Atlantic right whales (Hunt et al. 2014, 2016). Both 
matrices allow for a retrospective assessment of steroid repro- 
ductive and adrenal hormones over a lifetime (earplugs) or a 
decade or more (baleen), providing insights into physiologic 
condition while the whale was alive. Lifetime profiles of ste- 
roid hormones in an earplug from a blue whale showed a 
doubling of cortisol over the time series and, based upon 
a significant increase in testosterone concentration, attain- 
ment of sexual maturity at about 10 years of age (Trumble 
et al. 2013). Immunoreactive cortisol and progesterone were 
measured by enzyme immunoassay at regular intervals along 
bowhead whale baleen plates (Hunt et al. 2014). Mature 
females had higher progesterone than immature females and 
males, as well as higher levels of cortisol, and dramatic varia- 
tions in progesterone levels were suggestive of pregnancy 
or luteal phase cycles in several females. Longitudinal pro- 
gesterone profiles based on estimated baleen growth rates 
in baleen plates from two North Atlantic right whales with 
known calving histories showed progesterone elevated by 
two orders of magnitude in regions of the plate correspond- 
ing temporally with known calving events (Hunt et al. 2016). 
Therefore, baleen hormones have the potential to reveal an 
individual’s reproductive history, may be useful to determine 
calving cycles and intercalving intervals of lesser-known 
mysticetes, and can also provide a temporal series of relative 
stress responses in large whales. 


Marine Biotoxins 


Marine biotoxins produced by harmful algal blooms (see 
Chapter 16) are a leading cause of marine mammal deaths 
in the United States, and the incidence has been increasing 
(Simeone et al. 2015). Fecal concentrations of marine biotox- 
ins reflect relative exposure levels. Analyses of fecal samples 
from humpback and blue whales in Monterey Bay, CA, USA, 
showed exposure to domoic acid (DA) through ingestion of 
contaminated prey occurring during blooms of toxin-producing 
Pseudo-nitzschia spp. (Lefebvre et al. 2002). A 6-year study in 
North Atlantic right whales found annually occurring exposure 
to paralytic shellfish poisoning toxins (~70-80% of fecal samples 
were positive) and DA (~25-30% positive), and 22% of samples 
showed concurrent exposure to both neurotoxins (Doucette et 
al. 2012). The vector for both toxins was through ingestion of 
right whale zooplankton prey, Calanus finmarchicus (Durbin 
et al. 2002; Leandro et al. 2010). Paralytic shellfish poisoning is 
a known cause of mortality in humpback whales (Geraci et al. 
1989), and DA has been associated with the death of a minke 
whale (Fire et al. 2010), but no sublethal effects were detected at 
the levels of exposure measured in North Atlantic right whales 
(Doucette et al. 2012). Fragments of Pseudo-nitzschia spp. frus- 
tules found in feces of Southern right whale calves, along with 
toxin analyses on carcasses and environmental monitoring, pro- 
vided evidence of exposure to DA (Wilson et al. 2015). 


Environmental Contaminants 


Fecal concentrations of environmental contaminants reflect 
relative exposure levels and/or mobilization from lipid stores, 
while concentrations measured in skin and blubber biopsy 
samples are indicative of body burdens of lipophilic contami- 
nants (see Chapter 15). Levels of persistent organic pollutants 
(POPs) are generally low in baleen whales compared to odon- 
tocetes due to their feeding at lower trophic levels, thereby 
experiencing less biomagnification of contaminants through 
the food chain (O’Shea and Brownell 1994). Many studies 
have measured concentrations of organochlorine chemicals, 
polycyclic aromatic hydrocarbons, and biomarkers of contami- 
nant exposure in skin and blubber biopsy samples from large 
whales (e.g., Woodley et al. 1991; Aguilar and Borrell 1994; 
Fossi and Marsili 1997; Marsili et al. 1998; Godard-Codding 
et al. 2011). Fecal samples, prey, and biopsy samples from 
North Atlantic right whales were analyzed for 30 polychlori- 
nated biphenyls (PCBs) and 20 pesticides, and results showed 
that concentrations were two orders of magnitude higher in 
blubber compared to the other samples (Weisbrod et al. 2000). 
Blubber levels of PCBs in right whales were below those 
believed to be hazardous to health in other marine mammals. 
In contrast, among the highest blubber concentrations of 
PCBs ever reported in a cetacean were measured in Southern 
Resident killer whales off British Columbia (Ross et al. 2000). 
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Fecal contaminant analyses in Southern Resident killer whales 
showed. that bioaccumulation of POPs increased with age 
(except for nulliparous females) and were highest when prey 
availability was low, likely due to blubber lipid mobilization 
(Lundin et al. 2016). Transfer of POPs by females from lipid 
stores during lactation was highest for the first calf, and, con- 
sistent with many other cetacean studies, calving females had 
lower concentrations than other age and sex classes. 

Semiquantitative measurement of cytochrome P4501A1 
expression using immunohistochemistry has been applied to 
integument biopsy samples from mysticetes and sperm whales 
to assess exposure to planar halogenated aromatic hydrocar- 
bons and polycyclic aromatic hydrocarbons (Miller et al. 2004; 
Godard-Codding et al. 2011). Global assessment of exposure 
to the inorganic metal chromium was evaluated using biopsy 
samples from wild sperm whales as an indicator species (Wise 
et al. 2009), and cytotoxic and genotoxic effects of hexavalent 
chromium were seen in North Atlantic right whale lung and 
testes fibroblasts in cell cultures (Wise et al. 2008). Lipophilic 
pesticides, flame retardants, and mercury have been measured 
in an earplug from a blue whale, which provided a profile of 
lifetime contaminant exposure (Trumble et al. 2013). 


Infectious Diseases, 
Parasites, and Protozoa 


The vast majority of information on pathogens and infectious 
and parasitic diseases in large whales comes from examina- 
tion of stranded and entangled carcasses and subsistence- 
harvested whales (e.g., O’Hara et al. 1998; Jauniaux et al. 
2000; Van Bressem et al. 2009; Mazzariol et al. 2012). In free- 
swimming whales, tissues and samples available for analy- 
sis include feces, respiratory exhalation, epidermis, and the 
underlying dermis (blubber). Skin lesions are discussed above, 
and culture of bacterial isolates in blow samples below. Real- 
time polymerase chain reaction analysis (PCR) of blowhole 
swabs detected Brucella spp. with high accuracy and sensitiv- 
ity in stranded bottlenose dolphins (Tursiops truncatus), and 
real-time PCR was also used to detect Brucella spp. in fecal 
samples of that species (Sidor et al. 2013; Wu et al. 2016). This 
approach could also be applied in surveys of other pathogens 
in blow and fecal samples from large whales. 

A wide variety of endoparasites and ectoparasites have 
been described (see Chapters 20 and 21) based on examina- 
tion of large whale carcasses (also see review in Hermosilla et 
al. 2015). Detection of neozoan parasites in marine wildlife has 
recently emerged as an issue of concern, pointing to patho- 
gen introduction from terrestrial sources (Miller et al. 2008). 
Protozoan infections have been described in free-swimming 
large whales, although the source of exposure and pathogenic- 
ity are unknown. Whales feeding in nearshore habitats may 
be at particular risk of exposure to pathogens from terrestrial 
sources because of the potential for exposure to microorganisms 


in sewage outfalls, and land and fluvial runoff. In a multiyear 
study, fecal samples from North Atlantic right whales showed 
a 71% prevalence of Giardia spp., and 24% of samples were 
coinfected with Cyptosporidium spp. (Hughes-Hanks et al. 
2005; Rolland et al. 2007b). An endoparasite survey of fecal 
samples from blue, fin, and sei (Balaenoptera borealis) whales 
(Hermosilla et al. 2016) found Entamoeba spp. (65%), Giardia 
spp. (8%), and Balantididum spp. (5.9%). Protozoans were not 
detected in sperm whale feces, but there was a higher preva- 
lence of metazoan parasites compared to baleen whales, includ- 
ing unidentified ascarids (41%), trematodes (18%), strongyles 
(12%), Diphyllobotrium spp. (5), and spirurids (6%). Fin whale 
samples also showed infection with six metazoan parasites. 


Microbiome and Health 


The connection between an organism’s microbial community 
and many aspects of mammalian health has recently been 
recognized. Characterization of the gut microbiome of baleen 
whales from fecal samples found marked similarities in func- 
tional capacity and taxonomy to terrestrial herbivores, likely 
due to similar functional roles in fermentative metabolism 
(Sanders et al. 2015), but the relationship of the gut microbi- 
ome to health indices was not examined. A study of the skin- 
associated bacterial community of humpback whales identified 
from biopsy plugs or sloughed skin found a core bacterial 
community shared between humpbacks in the same area, but 
also variation by geographic area and metabolic state (fast- 
ing or feeding), and a shift in flora to pathogens in dead and 
entangled whales (Apprill et al. 2014). Respiratory microbes 
in samples from blue, gray, humpback, fin, and sperm whales 
were described from blow collected on a petri dish fixed to 
a remote-controlled helicopter (Acevedo-Whitehouse, Rocha- 
Gosselin, and Gendron 2010). Three bacterial genera were 
detected in blow (Staphylococcus, Haemophilus, Streptococcus), 
and Staphylococcus aureus, a potential pathogen in cetaceans, 
was isolated, but the relevance to health was unknown. The 
respiratory microbiome of Southern Resident killer whales 
was recently characterized in 26 samples by culture and PCR; 
a range of organisms was detected, with Staphylococcus, 
Bacillus, and Vibrio spp. being the most common bacteria, 
and Pleosporaceae, Davisiellacae, and Mollicutes as the most 
common fungi (Raverty et al. 2017). Thus, characterization of 
the large whale microbiome shows promise as a tool to evalu- 
ate and monitor health of large whales, but further research is 
required to understand the baseline microbial communities of 
healthy whales and changes seen in disease states. 
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Introduction 


Health assessments of pinnipeds are conducted for diagnos- 
tic evaluation of stranded individuals, for routine examina- 
tions of animals in display facilities, for establishment of a 
baseline, or for monitoring the health of free-ranging popu- 
lations. As such, evaluations may be conducted in a wide 
range of settings from boat- or field-based to a designated 
veterinary medical facility. A health assessment may be the 
primary goal in many efforts, but valuable health informa- 
tion can be collected opportunistically in conjunction with 
many research activities, and with little additional impact on 
the animal. Additionally, the archival of key samples from 
captive animals provides useful comparisons against which 
results from wild populations can be validated or interpreted. 
As changing climatic and oceanographic conditions influence 
the distribution of wild marine mammals, a solid foundation 
of baseline health data from display, rehabilitated, and wild 
individuals is essential for the detection of disease, ecosystem 
perturbations, anthropogenic impacts, and cumulative effects 
of multiple stressors on health. Data and specimens acquired 
through well-designed sampling protocols are invaluable to 
the investigation of unusual mortality events (see Chapter 1) 
and also prove useful as technological advancements in diag- 
nostic testing permit new analyses on archived samples. 


History 


When available, a thorough history of the patient provides 
an important context for health assessment. Trends in behav- 
ior and feeding habits should be evaluated. Healthy wild 
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pinnipeds generally come and go from the beach regularly, 
with various periods of (Sometimes extensive) inactivity 
occurring, according to life history stage and daily activity 
patterns. However, floating or listing behavior at the water 
surface can indicate respiratory disease, lethargy, entangle- 
ment, or a reluctance of injured animals to haul out against 
gravity. Information from bystanders and first respond- 
ers to stranded pinnipeds, such as an animal’s response to 
approach, is useful to assess initial alertness. For animals in 
human care, changes to an animal’s environment including 
pen mates, water quality, ambient temperature, and diet are 
important factors to note. 


Restraint 


The methods commonly used to restrain pinnipeds may be 
classified into physical, mechanical, and chemical. Different 
types of restraint are often used in combination. For example, 
a chemical sedative agent such as a benzodiazepine may be 
given to an animal to augment physical restraint. The fac- 
tors that dictate the choice of an appropriate restraint method 
include human safety, safety to the animal, and the abil- 
ity to accomplish the desired objective (Gales et al. 2009). 
Conducting a health assessment carries inherent risk for the 
animal and the human caretakers. Whether formal or infor- 
mal, performing a standard risk analysis prior to any health 
assessment activity can minimize the potential for complica- 
tions by identifying gaps, areas of high risk, and ways to 
mitigate them. Risks will vary by species and setting, but 
an evaluation should minimally include the stability of the 
animal, environmental hazards (e.g., cliffs, heavy surf, sharp 
objects, ambient temperature), team size and experience, and 
equipment (e.g., capture gear, monitoring tools, resuscita- 
tion supplies). Predetermining thresholds for cessation of the 
activity can also protect animal and human safety. 


Physical Restraint 


Physical restraint is limited by the size and species of the ani- 
mal, the animal’s level of aggression, and the experience and 
physical ability of the restrainers. Hoop nets in various con- 
formations are commonly used in the capture and restraint of 
small to medium-sized pinnipeds on land or ice. The open 
end of the net may be framed by rigid poles or other materials 
to provide structure. The size and shape of nets are usually 
catered to the species and activity. For example, the closed 
end of a net used for sea lion restraint is often much nar- 
rower and better suited to their long and slender head shape, 
whereas the closed end of a net used for a phocid may need 
to be more spacious. 

A variety of mesh sizes can be used. Nets made with fine 
mesh limit the ability of the animal to bite through the net but 
may reduce airflow for the animal once restrained. Sometimes 
it is useful to have an exterior zipper on the narrow end of 


a net in order to provide better ventilation and access to the 
head without removing the entire net. Nets made from larger 
mesh require less material, reducing the weight of the net and 
increasing maneuverability, yet require extra caution as they 
often permit the animal to bite through the net. 

Nets can also be strung between poles for capture and 
transport of smaller pinnipeds, such as in the stretcher nets 
used for Hawaiian monk seals WWeomonachus schauinslandi). 
Towels are often sufficient to safely restrain the head of pin- 
nipeds weighing less than 50 kg. Creative use of other items 
such as blankets, bags, and nets can aid physical restraint 
and increase personnel safety. Handlers should be aware that 
nets, towels, or beach substrate (sand, rocks) can obstruct the 
airway from beneath the neck. 

Regardless of the tool used, the physical restraint method 
must be suited to the experience of the restraint team and the 
purpose of the examination. The foundation of effective and 
safe restraint rests on understanding species-specific maneu- 
verability and the physical forces the restraint team will need to 
counteract. Restraint should focus more on leverage and tech- 
nique than force. Excessive downward pressure on the dorsal 
thorax can interfere with chest expansion during breathing. 
Restraint of the head involves pressing evenly across the base 
of the skull toward the ground and should avoid pressure on 
soft structures of the neck. For smaller animals (<50 kg), the 
knees of the restrainer can be placed on each side of the neck 
to limit lateral head movement. Head control is important but 
must be coordinated with proper restraint of the front flippers 
against the body (often by another restrainer), since those 
flippers are both strong and leveraging. Otariids have par- 
ticularly robust front flippers because they are used for pro- 
pulsion. Their front flippers must be secured away from the 
ground in order to have effective restraint (Gentry and Holt 
1982). The front flippers of phocids should also be secured, 
but phocids power locomotion with hind flipper strength and 
are thus more apt to roll or swing their powerful lower trunk 
to resist restraint. Greater lateral restraint along the body and 
at the hips is important for larger phocids. 


Mechanical Restraint 


Mechanical restraint is limited by the availability of adequate 
equipment, cost, and maneuverability, which vary consider- 
ably. There are many varieties of mechanical restraint devices 
for pinnipeds, including chutes, herding boards, restraint 
boards, stretchers and straps, restraint boxes, squeeze cages, 
and slings (Cornell 1986; Gentry and Casanas 1997). Herding 
boards are most effective when made of sturdy, solid materi- 
als with handles mounted on one side. However, many of 
these tools are large and heavy, thus limiting their feasibil- 
ity in some field situations. Squeeze cages and items with 
straps need to be secured sufficiently to protect the animal 
and personnel but should not interfere with the animal’s ven- 
tilation. Any restraint device that surrounds the neck has the 
potential to impede airflow and must be monitored carefully. 


Health Assessment of Seals and Sea Lions 851 


Mechanical restraint equipment should be made of robust, 
rust-resistant materials that can be easily disinfected. 


Chemical Restraint 


The use of chemical restraint relies on the expertise of the 
operators and often requires the presence of a specially 
trained veterinarian. Key considerations when selecting 
chemical restraint agents include () species, (2) location 
(beach, boat, facility), (3) need for analgesia, (4) method of 
drug delivery, (5) reversibility of the drug, and () duration 
and depth of sedation or immobilization required to com- 
plete the health assessment. Diligent monitoring of sedated 
and anesthetized pinnipeds, especially those in compromised 
health, is essential and should be a designated role. Phocids 
and otariids do not respond uniformly to the same drugs, so 
the species of interest is an important factor in drug selection 
(see Chapter 26 for dosages and additional information). 
Covering the eyes and reducing external stimuli such as noise 
can greatly extend the duration of effect of sedatives and 
anesthetics. Administration of sedatives (and their antagonists) 
can be accomplished using dart guns, pole syringes, or hand 
injections, depending on the degree of physical or mechani- 
cal restraint available and the volume of drug that needs to 
be delivered. If the animal has the potential to escape to 
the water between drug administration and effect, this may 
preclude the use of chemical restraint altogether or, at a mini- 
mum, require an additional set of precautions, equipment, 
personnel, and support. However, the use of drug combina- 
tions, including midazolam + butorphanol + medetomidine 
or tiletamine/zolazepam, is useful for the remote sedation of 
free-ranging otariids (McKenzie et al. 2012; Melin et al. 2013; 
Frankfurter, DeRango, and Johnson 2016). 


Physical Examination 


A complete physical examination of a pinniped can be dif- 
ficult to accomplish, especially for an untrained animal that 
requires restraint in order to maximize safety to the ani- 
mal and operators. Chemical restraint can facilitate a more 
thorough exam and reduce stress to the animal but should 
be used cautiously in compromised patients. In contrast, a 
trained animal may accommodate a comprehensive hands-on 
evaluation with minimal stress. Ata minimum, the initial data 
collected should include an age estimate, sex, standard length 
(nose to tip of tail), and a nutritional condition score. 

When assessing nutritional condition, variables such as life 
history stage, pregnancy and pupping history, foraging habits, 
molt status (for phocids that undergo catastrophic molt), and 
body position should be carefully considered. When feasible, 
animals may be weighed with hanging or platform scales 
using nets, cages, or dog kennels. A qualitative assessment 
of nutritional condition typically involves visual examination 
of the neck, shoulders, spine, and hips. Concavity in these 


areas, especially when combined with visible bony protu- 
berances of the vertebrae and pelvic bones, are indicative 
of poor nutritional condition. A coarse 5-point scale is often 
used to subjectively rate nutritional condition, ranging from 
a score of 1/5 for emaciated animals; 3/5 for average condi- 
tion; and 5/5 for robust animals (often reserved for pregnant 
or overconditioned captive individuals). Age- and sex-specific 
indices that incorporate morphometrics, weight, and blubber 
thickness can be used to quantify relative nutritional condi- 
tion and growth and to measure against free-living popula- 
tions (Harwood, Smith, and Melling 2000; Pitcher, Calkins, 
and Pendleton 2000; Trites and Jonker 2000; Baker et al. 2013; 
Shuert, Skinner, and Mellish 2015). Photogrammetry can pro- 
vide morphometric data for nutritional condition assessment 
without the stress and logistics of capture and restraint, and 
the use of unmanned aerial systems (UASs) in marine mam- 
mal science will likely make this technique more accessible 
and feasible in the future (Bell, Hindell, and Burton 1997; 
McFadden, Worthy, and Lacher 2006; Meise et al. 2014). 

Calculation of total body water and thus body composi- 
tion has typically required hydrogen-isotope dilution stud- 
ies using deuterium or tritiated water (Costa 1987, Oftedal 
and Iverson 1987; Reilly and Fedak 1990; Arnould, Boyd, and 
Speakman 1996; Bowen and Iverson 1998). More recently, 
advances in technology have permitted the use of field- 
portable ultrasound as a potential noninvasive replacement 
for hydrogen-isotope dilution methods used to evaluate blub- 
ber thickness, although measurements vary by body location 
(Mellish, Tuomi, and Horning 2004; Polasek et al. 2015). Body 
weight in pinnipeds is useful in calculating metabolic rate 
and can indicate food consumption. Studies in controlled and 
field settings use repeat capture and sampling, accelerometry, 
and doubly labeled water as techniques to estimate energy 
expenditure (Boyd et al. 1995; Sparling et al. 2008; Speakman 
and Hambly 2016). 

The physical examination should begin with observa- 
tions made at a distance. Overhead streaming video cameras 
or conspicuously placed low-cost convex garage mirrors may 
be useful in making these observations for animals in human 
care. A great deal of information can be gained remotely, 
including assessment of attitude, locomotion, pelage condi- 
tion and molt status, discharge, squinting, raised nictitating 
membranes, external wounds, masses, swellings, or asym- 
metry. Thermography can be used at a safe distance from the 
animal and is useful in detecting nonspecific bite wounds or 
other lesions not always readily evident (Gearhart 2006). The 
eyes and vibrissae can also indicate hydration status. Moisture 
and tear production around the eyes suggest good hydra- 
tion; but in dehydrated animals, the eyes take on a dry and 
sunken appearance. In dehydrated animals, the vibrissae also 
become curled. 

Upon closer examination, the integument can be assessed 
for abrasions, alopecia, erosions, infarcts, turgor (a comple- 
mentary indicator of hydration status), ulcers, and subdermal 
swellings, or wounds not visible from a distance. A thorough 
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oral cavity examination can be challenging in alert, wild ani- 
mals, but even brief and opportunistic assessments may be 
sufficient to evaluate the teeth for age, to detect halitosis, and 
to assess the mucous membranes for color, moisture, capillary 
refill time, erosions, abrasions, or ulcers. 

Palpation of limbs and body contours may reveal swell- 
ing, masses, or areas of increased temperature, indicative of 
inflammation. Infrared thermography is also useful to charac- 
terize these areas further and is an effective tool to diagnose 
arthritides (Gearhart 2006). Peripheral lymph nodes are not 
readily palpable in the healthy animal but may be in cases 
of lymphadenopathy. Flexion of limbs may show increased 
or decreased mobility or crepitus suggestive of fractures or 
arthritis. Thick blubber layers, particularly in large animals, 
may obscure subcutaneous masses or abscesses, may prevent 
thorough abdominal palpation or detection of ascites, and 
may interfere with thoracic auscultation. However, a pendu- 
lous and firm abdomen in young animals is suggestive of 
fluid in the abdomen. Fluid waves may be detected in the 
abdomen of thin animals. Abdominal masses, such as pelvic 
tumors, have been diagnosed in physically restrained adult 
California sea lions (Zalophus californianus) by abdominal 
palpation. The urogenital openings may be examined for 
masses, ulcers, discharge, and mucous membrane color. In 
young dependent pups, the umbilicus is a common site of 
infection and may be evaluated for degree of patency, heat, 
and swelling, and should be kept clean until fully closed. 


Diagnostic Techniques 


Blood Sampling 


Blood sample collection is important for diagnostic evaluation 
of hematology and serum biochemistry (see Appendix 1). 
Short-term storage in a refrigerator or cooler with ice is pre- 
ferred, although direct contact of blood tubes with ice should 
be avoided as cell lysis can occur. Serum, plasma, and whole 
blood can be used to screen for pathogens, toxins, and con- 
taminants. These samples can be archived in 1-2 mL aliquots, 
placed in cryovials, and stored at —80°C for later analysis. Some 
samples can be stored without immediate access to refrigera- 
tion, depending on the sample and test desired. These col- 
lection media include dried blood spot cards, RNAlater, and 
PAXgene RNA and DNA tubes. Postmortem blood samples 
that are not obtained immediately are typically unsuitable 
for these analyses. However, aqueous humor can be reliably 
used in place of fresh serum for measurement of blood urea 
nitrogen and creatinine in postmortem investigations (Sarran 
et al. 2008). 

Venipuncture technique and site location differ between 
phocids and otariids in part due to their anatomy. However, 
size of the animal, ease of restraint, volume of blood to be 
collected, and age of the animal also affect choice of veni- 
puncture site. In phocids and walrus, for example, blood can 
be collected from either the epidural intravertebral vein or 


plantar interdigital veins of the pelvic flippers (Figure 37.1). 
Use of the plantar interdigital vein is limited to small vol- 
umes, whereas volumes greater than 5 mL can be rapidly and 
easily obtained using the epidural intervertebral vein. One 
caveat, however, is that use of the epidural intravertebral vein 
in northern elephant seal (Mirounga angustirostris) pups has 
resulted in inadvertent bone marrow contamination of sam- 
ples (Goldstein et al. 1998), so caution should be used when 
using this site in young phocids. 


Phocids To collect blood from the epidural intravertebral 
vein, restrain the seal in ventral recumbency and locate the 
dorsal spinous processes of the third and fourth lumbar ver- 
tebrae by palpating the iliac crest and moving cranially, along 
the midline. In robust seals, the tail is a useful guide to locat- 
ing the midline of the body. Insert the needle perpendicularly 
to the body between the two vertebral bodies until blood is 
observed in the needle hub or tube. The size of the needle 
required is dependent upon the size and condition of the seal. 
Typically, a 20-gauge, 1 in. needle is sufficient for pups and 
thin juveniles, although 2 in. needles have been required for 
robust, recently weaned pups. An 18-gauge, 3 or 3.5 in. spinal 
needle with a stylette is required for robust adult phocids. 

The plantar interdigital veins of the hind flippers are 
located by inserting an 18- or 20-gauge, 1.5 in. needle at 10° 
to 20° to the skin directly over the second digit, or medial to 
the fourth digit, at the origin of the interdigital webbing. The 
sample from this site is often an arterial/venous mixture, so 
postsampling hemorrhage must be avoided by applying firm 
pressure. 


Otariids In otariids, the caudal gluteal vein is commonly 
used as it can be readily accessed while the animal is manu- 
ally restrained in ventral recumbency. It is located lateral to 
the sacral vertebrae, one-third of the distance between the 
femoral trochanters and the base of the tail (Figure 37.2). A 
21-gauge, 1 in. needle is suitable for thin fur seal and sea lion 
pups, a 1.5 in. needle for animals up to about 150 kg, and a 
3 in. needle for larger sea lions. 

The interdigital vessels of the hind flippers of otariids 
are small but can be dilated for visualization by placing the 
hind flipper on a bag of warm fluids or pouring warm water 
over the flipper. Tourniquets placed over the tarsus may aid 
in dilating interdigital vessels. Because of the small size of the 
vessels and the slow rate of blood collection, a heparinized 
butterfly needle and catheter can be useful. 

The jugular vein can be used as a collection site in otari- 
ids. It runs from the angle of the jaw to the thoracic inlet and 
may be sampled from the angle of the jaw, from the midcervi- 
cal region, or at the base of the neck. It is difficult to locate, 
but ultrasound-guided needle placement increases success. 

The subclavian vein may be used in emergency situations 
in otariids. It is located by palpating the sternum and the first 
rib and inserting the needle perpendicularly into the angle 
formed between the two. Because of the size of this vessel 
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Figure 37.1 Venipuncture sites in phocids. 
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and its proximity to the heart, this site is only recommended 
for emergency use. 


Swabbing 


Diagnostic evaluation of lesions may include collection of 
swabs for microbiology and molecular detection of DNA or 
RNA from pathogens of interest. Bacterial culture and sensi- 
tivity testing will identify normal or baseline flora of different 
species. For lesions, this information can be used to guide 


Spinal 
cord 


Rommel 2000 


treatment decisions and responsible use of antibiotic therapy. 
Routine collection of polyester swabs premoistened with ster- 
ile saline or PBS from the conjunctiva, nares, oral cavity, geni- 
tal mucosa, and/or feces during health examinations allows 
sample collection for infectious disease shedding that can also 
be archived. These samples complement population health 
monitoring by contributing to an archive that can be used to 
assess the baseline prevalence of pathogen exposure in the 
wild population and compare that to stranded individuals. 
The use of sterile swabs and aseptic technique will reduce 
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the chance of sample contamination and misinterpretation of 
results. Typically, long-term storage or archiving of swabs in 
cryovials or viral transport media at —80°C is appropriate. 


Urine Collection 


Urine is most commonly collected during urination or from 
the floor of a cage or pen. Abdominal compression of anes- 
thetized California sea lions has been used successfully to 
collect urine (Acevedo pers. comm.). Cystocentesis may be 
used to collect urine from anesthetized animals and is simi- 
lar to the technique for domestic dogs, by inserting a sterile 
20-gauge, 3 in. needle cranial to the pelvis and advancing the 
needle ventrally. Urinary catheterization of pinnipeds is also 
possible using the technique similar to that for domestic dogs. 


Figure 37.2 Venipuncture sites in otariids. 
These methods have been adapted to field use in California 
sea lions utilizing a sterile 8FR x 42-in.-long polyvinyl chlo- 
ride pediatric nasogastric feeding tube as a urinary catheter 
(Prager pers. comm.). Urine samples are useful for chemical 
and cellular analysis, as well as the detection of leptospiruria 
and exposure to water-soluble toxins excreted in urine, such 
as domoic acid. 


Feces Collection 


When available, fecal samples are a key component of a com- 
prehensive health assessment. Feces are generally obtained 
noninvasively from a beach, pen floor, or cage but may be 
acquired during a physical examination using a lubricated 
fecal loop inserted with gentle pressure no further than 3 cm. 
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Collection of feces from a specific individual can be chal- 
lenging when animals are cohoused or routinely defecate 
in the water. Fecal culture and sensitivity will detect patho- 
genic flora, such as Clostridia overgrowth or Salmonella, and 
will inform our collective understanding of normal flora in 
healthy animals. Parasitology is another use of feces obtained 
during health examinations. While it is understood that gas- 
trointestinal parasites are common in wild pinnipeds, they 
can hinder weight gain and cause discomfort in debilitated 
animals undergoing rehabilitation. Therefore, fecal floatation 
can inform treatment decisions for these patients. Other uses 
for fecal collection include the detection of toxins excreted 
in the feces, molecular detection of pathogens, and broader 
research interests such as the gut microbiome. 


Cerebrospinal Fluid Sampling 


Cerebrospinal fluid may be collected from the epidural space 
at the level of the atlanto-occipital joint from both phocids 
and otariids in lateral recumbency by a technique similar to 
that used in domestic dogs. 


Biopsies 


Skin, muscle, and blubber biopsies are often used to inves- 
tigate genetics (skin), screen for pathogens (e.g., protozoal 
infections in muscle), and study levels of lipophilic contami- 
nants, hormones, and fatty acids (blubber). While they are 
not always required on a diagnostic basis for an individual 
animal, these samples are important in understanding spa- 
tial and temporal trends in health, diet, stress, and many 
other research interests. Biopsies are often collected with 
sterile, disposable 2- to 6-mm-diameter biopsy punches or a 
scalpel blade using aseptic technique. Forceps are useful for 
transferring the sample to a collection vial and are particu- 
larly useful in reducing contamination of samples. Common 
skin and blubber biopsy locations in pinnipeds are cranial 
and lateral to the pelvic girdle. Flipper samples can be used 
for genetics if only skin is needed, and this type of sampling 
is often paired with tag application to minimize impacts 
to the animal. Muscle biopsies can be obtained from the 
longissimus dorsi, pectoralis, or gluteal muscles (Kanatous 
et al. 1999; Hindle et al. 2009). Sedation may be needed for 
adequate restraint and local anesthetic. Typically, 2% lido- 
caine can be infiltrated around the area to provide analgesia, 
especially when larger samples are required. Administration 
of local anesthetic increases handling time and stress, and 
can cause pain itself, so its use should be considered in 
the context of minimizing the overall impact to the animal. 
After removal, biopsy sites are typically left to heal by sec- 
ond intention to reduce the likelihood of retained tissue 
becoming infected. 

Abdominal organ biopsies may be performed under gen- 
eral anesthesia using laparoscopic techniques similar to those 
used in small animal surgery. 


Imaging and Photography 


Imaging modalities that are helpful in health assessments 
range from digital photography to ultrasound to advanced 
techniques such as MRI and nuclear medicine (see Chapter 
24). Radiography units are now made more rugged and field- 
portable @wvireless), enabling their use to look for radiopaque 
foreign bodies (such as ingested fish hooks in Hawaiian monk 
seals), before making the decision to transport an animal for 
rehabilitation. 

Digital photography is a helpful tool to document health 
assessment findings and detect subtle changes in a patient 
over time, and photographs may be the only data available for 
a health assessment, particularly in remote locations. Although 
limited, when critically evaluated, they can provide impor- 
tant information. Photography conducted from a safe distance 
using a telephoto lens can document a specific area of inter- 
est (e.g., an injured flipper), as well as provide a wide-angle 
view of the body in one frame, for nutritional condition assess- 
ment. Photogrammetry has been developed to predict body 
mass from photographs in Hawaiian monk seals (McFadden, 
Worthy and Lacher 2006). In some cases, information on atti- 
tude and behavior can be inferred from serial photographs. 
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Introduction 


The biology and ecology of Sirenia are comprehensively 
reviewed by Marsh et al. (2011) and Reep and Bonde (2006), 
so the reader is directed to these for background on these 
species. The study of manatee health dates back to the 1800s, 
when animals were transported from Central and North 
America to Europe (Murie 1870). The life span of these indi- 
viduals was short, and sparse health data were collected. 
More recently, dugongs (Dugong dugon) have been held with 
greater success under human care: in India in the 1950s (Jones 
1967), an orphaned dugong in Cairns Oceanarium, Australia, 
in the 1960s (Oke 1967); and in a few other locations since 
the 1980s (Lanyon et al. 2006, Tsukinowa et al. 2008; Burgess 
et al. 2013). Veterinarians initially evaluated a limited suite of 
blood parameters (Medway, Black, and Rathburn 1982). More 
extensive efforts to assess the health of wild sirenian popu- 
lations have been more recent (Bonde, Aguirre, and Powell 
2004; Lanyon et al. 2010; Sulzner et al. 2012). Health assess- 
ments (HAs) have been performed in conjunction with tag- 
ging operations in the United States, with HAs performed 
to enhance the understanding of animals’ health during tag- 
gings, thus focusing on detection of adverse effects of cap- 
ture and restraint, and any therapeutic interventions, when 
needed. Techniques for HA developed during these tagging 
operations have now been widely shared, adapted, and used 
for health investigations of sirenians throughout their habi- 
tats (Bonde et al. 2012; Sulzner et al. 2012; Walsh and de Wit 
2014). More recently, as health concerns in wild manatees, 
such as toxicoses, diseases, and injuries, have been docu- 
mented (see Chapter 43), HA emphasis is shifting, with the 
aim being to determine health status of individual animals, in 
order to better understand environmental factors influencing 
population health, vital signs, and changes in health status. 
In response to concerns about the health of dugongs, and an 
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inability to determine cause of death in a significant propor- 
tion of recovered carcasses on the east coast of Australia, 
health assessment efforts on wild dugongs have been con- 
ducted annually there since 2008 (Lanyon et al. 2010, 2015; 
Lanyon, Sneath, and Long 2012). 

Health assessments are logistically challenging and 
require careful planning to identify accessible animal popula- 
tions, suitable sites, personnel, and equipment for capture, 
handling, sampling, and medical intervention. The multidisci- 
plinary team of biologists and veterinarians involved in these 
HAs offers opportunity for veterinary and research training, 
but the lead veterinarians (in the case of manatee HAs) must 
guide and coordinate the clinical activity, and monitor the 
animals, while teaching. Health assessments on free-ranging 
manatees are often more involved than those conducted on 
rescued or long-term captive manatees because they include 
extended time for sampling and tagging. Monitoring of physi- 
ological parameters is thus important, and mitigation for any 
effects of handling on these parameters has enhanced suc- 
cess of field HAs. For efficiency, separate teams can be set up 
for respiratory and heart rate monitoring; oxygen supplemen- 
tation; blood sampling from each flipper; placement of PIT 
(passive integrated transponder—Trovan) tags; collection of 
feces, urine, cultures, and skin samples; and morphometrics. 

To assist the reader, we have provided for easy reference 
in Box 38.1, a list of various commercially available products 


mentioned throughout this chapter that we have found help- 
ful in conducting health assessments of sirenians. 


Health Assessments of Manatees 


Capture and Restraint 


Capture activities for health assessments are generally con- 
ducted in sites where significant numbers of manatees occur, 
such as seasonal aggregations around warm water sources. 
Aerial observers can also be used to locate animals when they 
are more dispersed. Both shore- and boat-based capture tech- 
niques have been developed. Shore-based techniques are used 
to capture animals traveling through narrow channels, with a 
capture net boat positioned in the potential path of the animal. 
Once alerted to a manatee moving toward the capture point, 
the boat moves from shore toward the middle of the waterway 
deploying the stacked net behind it. The boat and the trailing 
net then continue past the animal and return to shore behind 
the animal, completing a semicircle around the animal with the 
two ends of the net on land. An onshore team pulls each end 
of the lead-lined net bottom and surface floats to the shore, 
trapping the animal in the “bag” of the net. The manatee is 
slowly pulled out of the water and up onto shore head first. 
Attendants restrain the animal until it can be removed from the 


BOX 38.1 COMMERCIALLY AVAILABLE PRODUCTS MENTIONED IN TEXT 


DOPPLER, Parks Medical Electronics Sales, Inc., 6000 S. Eastern Ave., Suite 10-B, Las Vegas, Nevada 89119, USA, 


info@parksmed.com 


EDLER DEMAND VALVE, Allied Healthcare Products, 1720 Sublette Ave., St. Louis, Missouri 63110, USA, http:// 


www.alliedhpi.com 


EMERGENCY SPACE BLANKETS, Emergency Zone, https://www.amazon.com/Oversized-Emergency-Blanket-Zone 


-Reflective/dp/BOOS8UM8DO 


ETHYL CHLORIDE, Gebauer Co., 4444 153rd St., Cleveland, Ohio 44128, USA, http://www.gebauer.com/contact-us 

THERMOGRAPHY UNITS, FLIR, Wilsonville, Oregon, USA, http://www. flir.com/home/ 

FRISBEE, Wham-O, 966 Sandhill Ave., California 90746, USA 

I-CHEM, Thermo Scientific Inc., Thermo Fisher Scientific, 168 Third Ave., Waltham, MA 02451, USA, http://www 
thermofisher.com/us/en/home/technical-resources/contact-us.html 

i-STAT, Abbott, 400 College Road East, Princeton, NJ 08540, USA, 1-800-827-782, https://www.pointofcare.abbott 


/us/en/offerings/istat/istat-test-cartridges/menu 


PICO, Radiometer America Inc., 250 S. Kraemer Blvd., Brea, CA 92821, USA, 1-800-736-0600 (toll-free), http://www 
tadiometeramerica.com/en-us/products/samplers/pico-syringe?ref=rmed&_ga=1.252833673.1829715990.1483798979 

POLAR HEALTHCHECK, https://www.polar.com/us-en/products/equine/equine_healthcheck 

POLAR INZONE, https://www.polar.com/us-en/products/equine/equine_inzone 

FETAL DOPPLER, Sonoline Inc., 4415 Atlantic Ave., Apt 2-R, Brooklyn, New York 11224, USA, http://www.fetaldoppler 


net/sonoline.html 


TIDAL GUARD, Midmark Corporation, 60 Vista Dr., Versailles, OH 45380, USA, 1-800-643-6275, 1-937-526-3662, 


http://www.midmark.com 


PASSIVE INTEGRATED TRANSPONDERS, Trovan, Ltd., +49 (0) 221-2711059 (fax), inform@trovan.com, http://www 


.trovan.com 
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net and rolled onto a transport stretcher for relocation to the 
health evaluation site. This capture technique is efficient, with 
minimal handling time and fewer negative physiologic effects 
on compliant animals than open-water captures. 

Open-water captures require an open-stern boat during the 
capture and involve surrounding an animal offshore with a net. 
Ideally these are undertaken in as shallow water as possible, to 
minimize the depth of the net required and ensure safe han- 
dling of the animal. Once an animal is spotted, the capture boat 
moves quickly beside it and releases a buoy tethered to the free 
end of the net. The drag of the marker buoy and weight of the 
net facilitate offloading the net into the water. The boat circles 
the manatee and reconnects with the marker buoy to close the 
net and encircle the animal. Respiration is monitored from the 
moment the manatee is first observed surfacing in the closing 
net. With the animal in the net, a team of four net tenders, two 
on each side of the stern, pull the opposing lead line and float 
lines onto the back of the open stern, forming a bag to trap 
the animal and then, with the animal’s head facing the front 
of the boat, pull it onboard. Once secured, the manatee may 
be assessed on the boat, which can be grounded on shore, 
or taken to a nearby shore area (Figure 38.1). These boat- 
based captures may involve some level of pursuit, so they are 
more likely to negatively impact the blood gas levels of the ani- 
mals than shore-based efforts. This technique has been used in 
North America (including Mexico), the Caribbean (Puerto Rico), 
and Central (Belize) and South America. 


Postcapture Management, Evaluation, 
and Animal Handling 


Animals should not be handled for more than one hour, 
and handling late-term pregnant animals would be avoided 


Figure 38.1 An open-water boat capture shows 
the approach to the final landing of the manatee 
through the open stern with a removable transom. 
A team of four net tenders, two on each side 

of the stern, pull opposing lead and float lines 
onto the back of the open stern, forming a bag 

to trap the animal. Once the manatee’s head is 
facing forward, the animal is pulled onto the deck 
and secured. The manatee may be assessed 

on the boat or transported to shore. (Courtesy 

of the Florida Fish and Wildlife Conservation 
Commission [FWC].) 


in most cases, although detection precapture is difficult, so 
handling time is minimized. Ambient temperature guides the 
choice of handling site and equipment. Data sheets used dur- 
ing handling include a form for recording temperature, heart 
rate, and respirations (TPR), a morphometric data form, and a 
clinical assessment form (Table 38.1). 

Manatees restrained in warm periods must be intermit- 
tently cooled down with water and shaded with a tarpaulin 
or tent. Any animal handled in temperatures less than 65°F 
(18°C) must be protected from the cold, because of the risk of 
cold-related skin damage (see Chapter 43). Captures are not 
advised in air temperatures below 50°F (10°C). Animals can 
be moved to heated tents, but care must be taken to ensure 
adequate ventilation if portable heaters are used. Use of space 
blankets can enhance heat retention and allow skin tempera- 
ture to stabilize and even increase (Figure 38.2a and b). 
Wool blankets are not used because these may contribute to 
heat loss once wet. 

Once in hand, the animal should be scanned for any iden- 
tifying marks and the potential presence of a PIT tag; since 
the mid-1990s, PIT tags have been implanted in any animal 
released or sampled in the wild (see Chapter 32). Body scars 
are noted and photographed, and these images compared to 
photograph catalogues of known individuals (Beck and Reid 
1995). Barnacles may be present on animals returning from 
saltwater (these can result in injury to handlers, so gloves 
should be worn). The animal’s condition is documented with 
photos of the whole body, including the head, ventrum, and 
flipper nails. Skin samples may be collected at this time for 
epibiota studies. 

Using cargo straps, the next step is to roll the manatee 
on its side; take ventral photos, examine the ventrum, note 
the sex of the animal (female anus and genital slit are close 
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Table 38.1 Manatee Clinical Assessment Form 


West Indian manatee (Trichechus manatus) CLINICAL ASSESSMENT FORM 


Manatee ID: Date: Assessed by: 
Animal Name: Gender: M/F 
Total length: cm Weight: kg/Ib Capture Method: 
Location: Event: Air temp: Water temp: 
Time notes: Initiated Net Out On Deck Start Evaluation 
First blood sample Follow-up blood sample Release 
BODY CONDITION Score: 12345 
Emaciated Thin Normal Fat Obese 
Peanut shaped head? Y/N Ribs visible? Y/N 
Ventrum: Rounded/Flat/Concave/Ventral Folds 
Comments: (note areas, degree of weight loss) 
ACTIVITY At Capture High/Medium/Low 
During Work-up Active/Calm/Lethargic 
Comments: 
THR SUMMARY Oral temperature °C/F Respiratory rate per 5 min. 
(see THR sheet) Heart rate per 1 min. 
Body temp. support: Y/N method: Shade/Tent /Heater/Blanket/Water 


HEAD 


INTEGUMENT 


Head: CS=__/ 


Trunk: CS=__/_ 


Tail: CS=__/ 


Flippers: 
Fluke: 


Comments: 
RESPIRATORY 


Auscultation: 

O, supplementation: 

l-stat results 

(Record CG8 
electrolyte results on 
I-STAT sheet) 


Describe any abnormalities or NGL (no gross lesions) 


Nares 

Eyes 

Ears 

Thickened epidermis? Y/N 
Cobblestone epidermis? Y/N 
Cold stress lesions? Y/N 

- location 

- appearance 


Watercraft scars? Y/N 

Watercraft wounds? Y/N 

- stage of healing 

- appearance 

Algal mat? Y/N 

Other epibiota? 

(Describe abnormalities or else NGL) 


(Describe abnormalities or else NGL) 


Depth of respirations 
Inspiration pattern 
Symmetry of body 


Yes/No 
Initial Follow-up 
Time: 


Temp: 
R rate: 


nose/lips/other head/flippers/fluke/body 
Bleaching/Gray mottling/Skin sloughing 
Abscess Lesion: superficial/deep/ulcerating 


number: 


superficial/penetrating/both 


superficial/deep bi-lateral/deep uni-lateral 
single/double 
symmetric/asymmetric 


CO, monitoring: Yes/No 
Initial Follow-up 


HCO,;: 


(Continued) 


Health Assessment of Sirenia 8061 


Table 38.1 (Continued) Manatee Clinical Assessment Form 


TCO,: 
sO,: 
Lact.: 
Gluc.: 


DIAGNOSTIC SAMPLES COLLECTED 
MEDICATIONS ADMINISTERED 


pH: 

PO,: 

PCO,: 

BEect: 
Comments: (note water use to stimulate resp. rate) 
REPRODUCTION Lactating? Y/N 

Vulva swollen? Y/N 
Comments: 
EXCRETA Feces? Y/N description: 

Urine? Y/N description: 
COMMENTS 


together, whereas males have a greater distance between the 
two), and collect feces. To prepare the animal for later ultra- 
sound fat measurements, locate the umbilicus and anus, and 
using a grease pencil, mark the side of the animal, reflecting 
to the mid back ultrasound site. Rinse the urogenital area 
with deionized water, then dry the area, and place a Frisbee 
to catch any urine released during the restraint period for later 
urinalysis and additional tests. Return the animal to sternal 
recumbency, and apply monitoring equipment. The clinician 
notes the animal’s body condition score and looks for signs 
of weight loss, injury, or cold stress. Weight loss symptoms 
include the following: a flat or shrunken abdomen, which is 
only apparent when the animal is rolled to check for ventral 
folds; increased visibility of skeletal landmarks, such as cra- 
nial bones (‘peanut head” appearance), scapulae, ribs, and 
vertebrae; and loss of muscle mass. Cold stress lesions vary 
from very subtle pigment loss and swelling on the facial area 
and pectoral flippers to diffuse severe skin lesions, includ- 
ing loss of the paddle border (de Wit and Garrett 2015; see 
Chapter 43). 


Clinical Monitoring 


Parameters monitored during clinical examination of mana- 
tees include physical appearance, oral and skin temperature, 
respiratory rate (respirations per 5-minute period), and heart 
rate (Wong et al. 2012). In addition, blood gases and expired 
CO, are monitored to determine effects of capture and han- 
dling and identify therapeutic needs. 


Temperature Core body temperature of West Indian mana- 
tees (Trichechus manatus) is 35.6—36.4°C Crvine 1983; Galivan, 
Best, and Kanwisher 1983). It is difficult to obtain core tem- 
peratures through the insertion of flexible rectal thermom- 
eters, so an oral probe placed lateral and caudal to the teeth 
is preferred. Recorded temperatures are usually 1-2°C lower 
than core and may be influenced by age, skill in placement 
and type of thermometer, and external temperature. Dermal 


temperatures can be monitored with laser thermometers but 
are influenced by water or air temperature and do not nec- 
essarily correlate with body temperature. In contrast, ther- 
mography (Figure 38.2a and b) can be used to show the 
variations in skin temperature, indicating diseased, injured, 
and normal areas, as well as areas affected by handler contact. 


Respiratory and Cardiovascular Function Monitoring 
respiration begins as soon as the animal is in the net or 
restrained. Rate, length, and quality of expiration and inspi- 
ration Gincluding any abnormal noise) are noted. Respiratory 
rates vary with capture stress, struggling, acidosis, age, and 
individual responses. Bradypnea or a slow respiratory rate is 
associated with stress, removal from the water, and handling. 
Tachypnea is also often associated with stress, and increased 
CO, levels. Respiratory compromise and potential postcap- 
ture effects are concerns to focus attention on. One person 
checks the expiratory CO, and administers oxygen on each 
inspiration. A baseline rate of 5 breaths per 5 minutes is often 
associated with maintenance of normal blood gas values. 
Manatees can have exhaled CO, levels over 100 mmHg, so 
the capnometer used must be able to read up to 150 mmHg 
(such as the TIDAL GUARD) and should be calibrated against 
standard CO, gas sources. 

Monitoring of blood gas parameters is essential to deter- 
mine the effects of capture and restraint. A blood sample for 
blood gas analysis is taken at the beginning of the venipunc- 
ture procedure as described in Chapter 43. Point-of-care, 
handheld blood analyzers, such as the i-STAT , can be used to 
detect changes in blood gas parameters on-site following cap- 
ture. Blood specimens are injected into disposable cartridges; 
suitable cartridges are the CG4+ and CG8+. The CG8+ offers 
a wide range of tests, including electrolytes and pH, pCO,, 
pO,, TCO,, HCO,, base excess (BE), and sO,, and the CG4+ 
adds lactate. The extent of change in blood gases is related to 
the pursuit duration, the degree of struggling when on land, 
and the respiratory rate (Bailey and Pablo 1998; Fauquier 
et al. 2004; Meegan et al. 2009). Blood pH abnormalities may 
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No blanket: 58.5 Blanket: ed 


Blanket: 60.1 No blanket: 54.4 


Figure 38.2 Thermographic images of an adult manatee. (a) The interface between the unprotected neck and shoulder areas 58.5°F (14.7°C) of 

a manatee compared to the torso covered by a survival blanket in yellow and red at 64.5°F (18.55°C). The facial heat signature (yellow and red) is a 
result of net abrasion. (b) The caudal half of the manatee, where a survival blanket was removed from the torso (green). The tail and peduncle were not 
covered and show the environmental effects of the cold on different tissue unprotected during the health assessment (dark blue and purple). The green 
(warmer portion) is 60.1°F (15.6°C), and the colder (purple) tail is 52.7°F (11.5°C), illustrating the retention of heat in the area covered by the blanket. 
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Table 38.2 Common (Mean) Blood Gas and Red Cell Parameters in Florida Manatees, Comparing Land (Crystal 


River, FL) versus Water (Brevard, FL) Captures 


Manatees Bled in 


Land Capture, 


Crystal River, Nov Crystal River, Jan 


Facility, Quick Access Brevard, 2014 2014 2015 
(n =6) (n = 12) (n =9) (n = 19) 
Hct (%PCV) 38 39.3 44 
Hgb (g/dL) 12.8 13.4 14.8 
pH 7.413 7.112 7.2 7.232 
pH patient 7.149 13 7.272 
pCO, (mmHg) 91.7 91.6 84.8 
pCO, pt 80.7 79.0 74.4 
(mmHg) 
HCO, (mmol/L) 29.2 37.9 35.7 
TCO, (mmol/L) 32 40.7 38 
BE (mmol/L) 0 10.1 8 
Lactate 15.25 9.4 11.2 
(mmol/L) 


Note: Analytes include partial pressure of CO, (pCO, mmHg), laboratory means and manatees in study (patient), con- 
centration of bicarbonate (HCO, mmol/L), total CO, concentration (TCO, mmol/L), base excess of the extracel- 
lular fluid (BE mmol/L). Since L-lactate levels were all above maximum detectable levels on the i-STAT, this was 
measured in serum from a fluoroxalate tube. Sampled blood may have been arterial, venous, or a mix of both. 


have both a respiratory and a metabolic component. While 
minimal struggling and breath holding may result in respira- 
tory derived elevations of CO,, long chase capture efforts will 
lower pH due to lactate production, giving a higher metabolic 
component. Oxygen is supplied to mitigate the metabolic aci- 
dosis resulting from handling induced anaerobic metabolism 
and to prevent further deterioration due to compromised ven- 
tilation on land. Table 38.2 shows the common ranges for 
manatee blood gases from on-beach captures versus on-boat 
captures using the i-STAT. Animals with blood pH less than 
7.2, elevated lactates between 15 and 20 or greater, pCO, lev- 
els above 90, and exhaled levels over 100 should be closely 
monitored for possible early release. A second blood sample 
(although it can prolong handling) taken from the pecto- 
ral flipper prior to release allows determination of whether 
parameters are improving or not. 

Heart rates range from 45 beats per minute (BPM) in very 
calm animals to over 100 BPM in newly restrained individu- 
als or calves, with means of 50-80 BPM. Cardiac monitoring 
can be accomplished with a stethoscope applied centrally to 
the sternal area between the pectoral flippers. Continuous- 
reading heart rate monitors are preferred, although intermit- 
tent checks are acceptable. A two-electrode system that is 
tucked under the sternum and monitored with a Bluetooth 
watch (Polar Inzone) allows constant readings. An iPhone 
with an added EKG case adapter and app that can record 
activity has also been used (Alivecor), although it requires 
accurate placement. A cardiac support table, including a 
central window for heart access, was developed for echo- 
cardiography to help better understand sirenian cardiac func- 
tion (Gerlach et al. 2013; Figure 38.3). Electrocardiograms of 
manatees have been characterized (Siegal-Willott et al. 2006). 


Clinical Support 


Once the eyes have been examined, a moist cloth may be 
placed over the eyes to decrease any apprehension in the 
animal. Young manatees are likely to breath-hold even in 
the face of elevated CO, from previous struggling. Further 
struggling and apnea may be spurred by handling, blood 
sampling, and PIT-tagging. Initial respiratory acidosis due to 
handling is treated by giving oxygen supplementation, to try 
to avoid a shift to metabolic acidosis. Following each exhala- 
tion, as measured by the capnometer placed within a few mil- 
limeters of the nasal opening, a demand valve (Edler) is used 
to administer oxygen from a two-stage valve and a portable 
oxygen tank. The valve is set at 40 mmHg and approximately 
10 in. (25.4 cm) from the nares. Some animals appear to 
inhale more deeply when given oxygen. Animals exhibiting 
respiratory rates less than 5/minute with signs of acidosis can 
be stimulated by pouring water over the face, which mimics 
breaking the water surface to breathe. Repeating this every 
45 seconds to increase the respiratory rate up to 8/minute 
will help lower CO,. If there is a refractory response to water 
stimulation, the nares or oral cavity can be stimulated to trig- 
ger respiration. 

With severe acidosis, a clinician may also choose to give 
vitamin E-selenium (0.06 mg/kg IM) supplementation (see 
Chapter 27), or curtail the examination and return the man- 
atee to the water. 


Sampling, Tagging, Measuring 


Passive integrated transponder (PIT) tags are placed in the 
dorsal neck area, at a spot identified by measuring the dis- 
tance from the eye to the ear, and reflecting that dorsolaterally 
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Figure 38.3 Manatee undergoing ultrasound 
examination. The animal is being restrained on an 
elevated table with a built-in abdominal/thoracic 
window. The operator (in dark gray shirt) is moving 
the transducer probe along the animal’s abdomen 
through the table’s access window to create an 
image. The operator and the animal handlers are 
viewing the digital ultrasonogram on a screen; the 
display screen is covered for easier daylight viewing. 


at a 45° angle, to the soft tissue behind the skull and anterior 
to the shoulder. This region is surgically scrubbed, and all 
retained hyperkeratotic tissue and algae removed. To reduce 
discomfort, ethyl chloride (Gebauer) can be sprayed on the 
area for 3-4 seconds, rapidly chilling the tissue and acting 
as a topical anesthetic. Thermography (FLIR) shows that this 
decreases the target skin temperature down to 2°C and lasts 
for 10-20 seconds. A number 11 scalpel blade is then rap- 
idly inserted perpendicularly through the epidermis—dermis 
in a stab incision. The technician marks the area and inserts 
the PIT tag needle into the incision. The applicator is struck 
with rapid direct force to quickly penetrate the needle to full 
depth, the applicator is rotated, and the PIT tag is injected. 
Once scanned to verify proper placement, liquid superglue is 
applied to close the incision before the procedure is repeated 
on the other side of the manatee (see Chapter 32). 
Morphometrics obtained include body length, deter- 
mined as a straight-line measurement from the tip of facial 
area to the indentation of the tail center, and a curvilinear 
measurement with the same points. The height and width 
of the animal are taken with a large caliper, and the girth 
is measured at the peduncle, anus, umbilicus, and shoulder 
to correlate with the ultrasound fat measurements. Note that 
when rolling the animal to obtain girth, the Frisbee placed to 
collect urine can be recovered. Finally, the animal is weighed 
from an aluminum arch that can be placed on shore or on 
the capture boat. When direct weights are not available, the 
following formula based on morphometric measurements can 
be used to estimate body weight. The formula for predict- 
ing the weight of an animal is determined as the girth at 
the umbilicus (GU [cm]) squared multiplied by straight length 
(SL [cm], giving a correlation coefficient of 0.97 when com- 
pared with actual weight. GU? x SL x 3.778 x 10> (Rigney and 
Flint 2011). Ultrasound measurements of the thickness of the 


subcutaneous fat (back fat) can be correlated with nutritional 
status and visual evaluation of body condition. 

Blood is collected from the flippers as described in 
Chapter 43. Normal clinical laboratory values and further 
references are presented in Appendices 1-3. The medial 
approach to the flippers for blood draw is most often used 
for adult manatees in the field, since it allows quicker extrac- 
tion of blood and easier redirection of the needle. Two teams 
extend the flippers, surgically scrub the medial interosseous 
site for blood collection, and remove all visible retained skin 
and debris. The needle size for adult manatees is 18 gauge 
15 in. A 20-gauge 1-in.-long needle may be used in animals 
less than 150 kg. 

Blood is collected as follows, although amounts are deter- 
mined by the research needs, and extra blood is archived for 
future needs: 


a. 3 ml into a heparinized syringe (PICO) containing an 
electrolyte-balanced dry heparin for blood gas deter- 
mination by i- STAT. 

b. 5-20 ml into EDTA for complete blood count and 
buffy coat. 

c. 5-10 ml into heparin for collection of plasma and 
buffy coat. 

d. 5-10 serum separator tubes for serum chemistry and 
archiving, 2 tubes collected for contaminant analysis. 

e. 3 ml into sodium citrate for fibrinogen. 

f. 12 cc directly into a glass syringe for a whole blood 
sample free of contaminants from the plastic materi- 
als. This blood sample is placed in a 60 ml I-Chem 
jar and frozen on dry ice. 


Serum, plasma, and buffy coat samples are separated 
from whole blood and frozen on dry ice as quickly as pos- 
sible, and then transferred to a —80°C freezer for genetic, 
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immune, and molecular techniques. A centrifuge, as well as 
wet and dry ice, should be available at all health assessments 
for on-site processing of materials. 

Finally, a piece of skin is obtained from the peduncle bor- 
der in the following way. After surgical disinfection and ethyl 
chloride administration, a full-thickness V-shaped sample of 
skin is cut from the tail border for genetics and stable isotope 
evaluation. 


Health Assessment of Dugongs 


Health assessment of wild dugongs has been conducted annu- 
ally in Moreton Bay in southeast Queensland (Qld), Australia 
(Lanyon et al. 2010, 2015; Lanyon, Sneath, and Long 2012), on 
a population for which a capture—mark-recapture program 
was established in 1996 (Lanyon et al. 2002). This population, 
now numbering about 1,000 dugongs, is a good candidate 
population for HA, because this embayment is adjacent to a 
state capital, Brisbane, and is potentially vulnerable to urban 
coastal pressures. Some health screening and/or monitor- 
ing has also been conducted on small numbers of rescued 
dugongs held in captivity. To date, 166 wild dugongs have 
been medically assessed in southeast Queensland. The vast 
majority of these animals have been apparently healthy in 
terms of body condition, and with no overt signs of disease. 

Techniques used for health assessment of dugongs origi- 
nally followed those developed for Florida manatees but have 
been modified as the program has evolved over a decade. 
Health assessment is conducted principally by a small team 
of biologists onboard a research vessel, with at least one vet- 
erinary specialist present in case unusual pathologies must be 
sampled, to conduct pregnancy ultrasound, and to respond 
and advise in case of deteriorating vital signs during restraint. 
Health assessment of dugongs is different to that of manatees 
in a number of respects, including that there is little active 
intervention to physiological status during sampling, i.e., no 
blindfolds, no supplementary oxygen delivery, and vitamin 
E-selenium injection has not been used. 


Capture and Restraint 


Capture of dugongs has historically been problematic due 
to their fully aquatic lifestyle, cryptic and shy nature, large 
body size, and often murky water habitats. Initial attempts 
to capture free-ranging dugongs using hoop nets (e.g., Marsh 
and Rathbun 1990) had limited success. Indigenous commu- 
nities in coastal Australian and Torres Strait have long used a 
handheld harpoon with a detachable head Qvap) to restrain 
wild dugongs when hunting them for food (McNiven and 
Bedingfield 2008). This method involves pursuit by boat until 
the dugong is close, at which time a skilled hunter dispatches 
a spear into the animal’s dorsum. With the wap holding fast 
to the dugong, the animal is slowly pulled toward the catch 
boat, using a tracer line attached to the wap. This method, 


adapted as the “dermal hold-fast technique” has been used in 
extreme situations (remote location and when other methods 
did not work) to restrain free-ranging dugongs for the attach- 
ment of satellite tags (Fuentes et al. 2011, but the welfare of 
the dugong using this method is questionable. 

An open-water pursuit method (Lanyon et al. 2006) 
has been used for the great majority of dugongs that have 
been wild-caught to date including all dugongs captured for 
health assessment. This rapid and efficient method, based on 
“rodeo” capture of sea turtles (Limpus and Walter 1980), was 
developed to obviate the need for nets in which dugongs 
could roll and become entangled, and to circumvent the per- 
ceived potential problem of capture stress myopathy (Marsh 
and Anderson 1983). In this method, dugongs are located 
opportunistically in shallow waters (<3 m depth) within their 
foraging grounds during boat transects. A targeted animal is 
coaxed away from the main group and toward shallow water 
until it has surfaced two to four times (<10 minutes) and is 
somewhat fatigued. At this time, the boat is maneuvered until 
it travels alongside the animal, and at the next nominated 
surfacing event, a team of experienced personnel jump from 
the boat and grasp the animal around the peduncle and at 
each of its pectoral flippers (Lanyon et al. 2006). The dugong 
is restrained at the water surface and sampled in water for 
basic body length and girth measurements and sex, and a 
skin scrape is taken for genetic biopsy (Lanyon et al. 2002, 
2006). Initially, all captured dugongs were sampled only in 
water (Lanyon et al. 2002), but there were obvious limita- 
tions as to what biological samples could be collected; in 
order to obtain blood and urine uncontaminated by seawater, 
dugongs needed to be taken from the water. 

All HAs of wild dugongs have been conducted in the 
austral fall or spring to avoid temperature extremes, and done 
in generally calm weather conditions (<20 km winds). Upon 
capture, if a dugong is deemed a suitable candidate for HA, 
it is transferred to a stretcher hung between two boats and 
transported to a larger vessel, where it is craned onboard for 
examination (Lanyon et al. 2010; Figure 38.4). In-water sam- 
pling may take up to 10 minutes, with a further 10-15 minutes 
until the dugong is on the research vessel. Respiratory rate 
(breaths in real time) is recorded from the time the dugong is 
first sighted, throughout the entire restraint period. 


Clinical Monitoring and Sampling 


As soon as a dugong is brought out of water, the priority 
is to facilitate regular voluntary respirations because some 
dugongs have a tendency to slow or stop breathing. Dousing 
the head/snout region with water or sometimes running a 
slow trickle over the snout is usually enough to elicit a breath; 
manual stimulation of the nares does not work. Before a full 
medical assessment commences, the focus is on stimulating 
at least one unassisted breath (and any number of assisted 
breaths) during the first 7 minutes out of water and estab- 
lishing regular unassisted breathing within 15 minutes; those 
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Figure 38.4 Dugong undergoing health assess- 
ment onboard a vessel in Australia; a small team of 
researchers is conducting the exam. Note the docile 
dugong at rest on mattresses; shade is provided, 
and dry towels are laid across the dugong’s body 

to protect the ventrum (i.e., the Frisbee is placed 
under its anus and urogenital aperture for sample 
collection) from seawater contamination. From left 
to right: TPR is recorded in real time, attendant with 
water hose and bucket stands at the ready, and 
blood is collected from the palmar surface of the left 
pectoral fin. 


few dugongs that do not meet these criteria are returned to 
the water. Continuous monitoring of a dugong’s vital signs 
(temperature, heart rate, respiration) to determine physiologi- 
cal state throughout HA commences immediately when the 
dugong arrives on deck. The basic protocol followed is that 
developed for West Indian manatees (Wong et al. 2012) to 
facilitate species comparison. Oral temperature is measured 
at 5 minutes intervals via a temperature probe placed later- 
ally along the mandible past the posterior mandibular molar; 
a laser temperature gun is used for skin temperatures at a 
number of body sites (Lanyon et al. 2010). Heart rate is simi- 
larly measured every 5 minutes (Lanyon et al. 2010): via a 
Doppler fetal heart rate monitor with 2 MHz probe (Model 
PD1+, Ultrasound Technologies Ltd., UK) or a Polar Equine 
Healthcheck monitor (Polar Electro, Australia). When appro- 
priate, dugongs are provided with shade in the form of a sus- 
pended portable tarpaulin and are kept cool through gentle 
hosing of the dorsum. HA of dugongs has not yet been con- 
ducted in cold weather, although foil space blankets are on 
hand should the weather change. 

Sampling for feces, urine, and blood; photography; and 
recording of body condition generally follow procedures for 
manatees. Current permit restrictions stipulate that blood col- 
lection may not proceed longer than 30 minutes and that 
dugongs cannot be held out of water longer than 60 minutes. 
To this end, blood collection is the priority after establish- 
ing breathing. Medical heat packs are wrapped around the 
pectoral flippers to encourage blood flow prior to phlebot- 
omy. Blood sampling techniques are the same as for mana- 
tees, using the interosseous space between the radius and 
ulna. Blood is collected from the deeply situated brachial 


arteriovenous plexus, accessed via the palmar medial surface 
of the pectoral flipper at the proximal aspects of the ulna 
and radius, using a 21-gauge 3.8 cm needle (or 5 cm needle 
in adults >270 cm body length), fitted to a 20 cm extension 
set and Luer fitted Vacutainer collar (see Chapter 43 for fig- 
ures of blood sampling sites). Blood collected into a syringe 
is analyzed via i-STAT cartridges and is used to make blood 
smears; blood is further collected into a series of Vacutainer 
tubes with diverse media (Lanyon et al. 2015; Woolford et al. 
2015a). As dugongs age, distal fusion of the ulna and radius 
means that the phlebotomy site shifts and contracts. As with 
manatees, blood is often a mix of arterial and venous because 
specific vessels cannot be targeted. 

Reference intervals have been determined for blood 
hematology and serum biochemistry (see Appendices 1-3), 
and baseline levels of stress hormones established (Burgess, 
Brown, and Lanyon 2013). Dugongs differ from manatees 
in several clinical ways, including gross blood cytology and 
serum biochemistry. At least some of these differences may 
be related to the dugong’s constant marine habitat, more 
pelagic lifestyle, and physiological and/or phylogenetic dif- 
ferences. For example, cytochemical staining of dugong het- 
erophils suggests biochemical similarity to those of manatees 
and elephants, but for eosinophils, the similarity is to those of 
elephants, bovids, and equids (Woolford et al. 2015b). Serum 
biochemistry profiles for blood enzymes, minerals, and pro- 
teins in dugongs are broadly similar to manatees, but higher 
electrolyte levels (sodium and potassium) in dugongs are pre- 
sumably related to their higher serum osmolality given their 
entirely marine environment, with a range closer to that of 
fully marine dolphins rather than to manatees that inhabit 
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both marine and freshwater systems (Ortiz, Worthy, and 
MacKenzie 1998, Ortiz 2001). 

Other samples collected from dugongs include saliva, 
tears, nasal mucus, vaginal mucus swabbed with sterile 
spears or buds, semen collected via voluntary donation into 
the Frisbee situated beneath the urogenital opening, barna- 
cles, and skin for genetics (Lanyon et al. 2010). Rake wounds 
and healing scars caused by tusks of male dugongs are found 
on all dugongs, regardless of sex or age, and are particularly 
common during the spring mating season; these are pho- 
tographed for social studies (e.g., Athousis 2012), examined 
for pathology, and swabbed for microbes. However, unlike 
Florida manatees, dugongs can only rarely be identified by 
unique scarring or pigmentation patterns. Instead, individ- 
ual dugongs are discriminated principally through gene tags 
wherein DNA extracted from skin is analyzed against a panel 
of microsatellite DNA primers (Broderick et al. 2007; Seddon 
et al. 2014; Cope et al. 2015). Dugongs are recognized in the 
short-term through numerically coded titanium turtle tags 
crimped to the trailing edge of the tail fluke and a single PIT 
tag injected directly via hypodermic needle into the shoulder 
region. Surgical implantation of the PIT tag is not required, 
because dugong skin is less dense than that of manatees. 


Temperature On deck, dugongs are docile and rarely move 
(Figure 38.4), compared to manatees. Oral temperatures of 
individual dugongs range from 24°C to 34.2°C (mean 30.7°C + 
0.36), tend to rise with time on deck (Lanyon et al. 2010), and 
may be low compared to West Indian manatees, although the 
lack of dependable placement of oral probes in the dugong’s 
oral cavity makes accurate comparison difficult. 


Respiratory and Cardiovascular Function Heart rate 
ranges from 40 to 96 BPM and varies markedly between indi- 
viduals, with most having a mean heart rate between 60 and 


85 BPM, similar to West Indian manatees. Respiration rate 
(number of breaths per 5-minute interval) ranged from 1 to 
33, but most dugongs had rates of 3-18 breaths per 5-minute 
interval. Mean respiration rate was initially depressed on 
removal from water and appeared to be lower in dugongs 
than manatees during a similar interval phase. Respiration 
rate varied among individuals and appeared to be affected 
by the onset of novel procedures, such as needle stick for 
blood collection, and repositioning. The normal respiration 
rate range reported for West Indian manatees on land is 3-17 
breaths per 5-minute interval (Walsh and Bossart 1999; Wong 
et al. 2012), and the majority of dugongs fell within this range. 
Wong et al. (2012) described hyperventilation in manatees as 
>5 breaths per 5-minute interval occurring for a duration of 
three consecutive intervals. According to this definition, many 
dugongs hyperventilate at some time, and the respiration rate 
of dugongs was generally high compared to manatees. Initial 
bradypnea is most likely associated with breath holding in 
an abnormal environment, when removed from the normal 
surfacing stimuli associated with breathing. With acidosis 
secondary to capture and exacerbation by breath holding, 
elevated CO, levels stimulate tachypnea to lower the acidosis. 
It is also possible that this relatively high respiration rate of 
dugongs is indicative of a basic difference in metabolic rate or 
temperament rather than due to clinical hyperventilation, or 
may be related to recovery after exertion. The higher blood 
L-lactate levels G.e., outside the detectable range of i-STAT) 
and lower pH in dugongs (compared to Florida manatees) are 
probably influenced by the different capture methods (Table 
38.3). Pursuit time of Florida manatees is typically reduced 
by shoreline netting, and manatees do not undergo the same 
physical exertion of dugongs who may reach speeds of >20 
knots in bursts. Pursuit of dugongs prior to capture ranges 
from 2.5 to 10 minutes with the aim being to induce fatigue 
but not cause exhaustion. Dugongs do not exhibit overt 


Table 38.3 Blood Gases and pH of Wild-Caught Dugongs at Initial Blood Collection (after Pursuit, Capture, and Transport 
to Research Vessel), as Measured by Point-of-Care i-STAT Device 


n Mean 
pH 150 6.887 
pCO, (mmHg) 139 79.7 
pO, (mmHg) 152 74.25 
HCO, (mmol/L) 138 15.49 
TCO, (mmol/L) 111 18.25 
SO.% 137 68.17 
BEecf (mmol/L) 133 -173 
L-lactate* (mmol/L) 70 36.68 


s.e. Min Max Median 
0.01 6.643 7.301 6.763 
2.017 21.5 129.6 52.4 
3.43 21 241 39.5 
0.39 3.8 26.4 9.5 
0.47 8 29 9 
2.03 10 100 35 
0.48 -27 -3 -10 
711 24.2 52.3 


Note: Analytes include pH, partial pressure of CO, (pCO, mmHg), partial pressure of O, (pO. mmHg), concentration of 
bicarbonate (HCO, mmol/L), total CO, concentration (TCO, mmol/L), percentage of hemoglobin saturated with O, 
(SO,%), and base excess of the extracellular fluid (BEecf mmol/L). Since L-lactate levels were all above maximum 
detectable levels on the i-STAT, the L-lactate was measured on serum from a fluoroxalate tube. Sampled blood may 


have been arterial, venous, or a mix of both types. 
* From Lanyon et al. (2015). 
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clinical or behavioral signs of capture myopathy (Lanyon, 
Sneath, and Long 2012), as had been previously suggested for 
this species (Marsh and Anderson 1983), and mortality due 
to capture myopathy has not been reported in the dugong. 
However, biochemical indicators of muscular exertion have 
been detected in blood sampled from wild dugongs (Lanyon 
et al. 2012, 2015). It is likely that the biochemical reference 
intervals include elevated activities of some enzymes such 
as CK and AST, or slightly higher concentrations of potas- 
sium and L-lactate, all markers that can reflect muscular exer- 
tion and lactic acidosis secondary to methods of pursuit and 
capture. 

It is hoped that the efforts in Australia can be applied to 
other dugong populations in order to set baseline levels of 
physiologic parameters and standardize environmental com- 
ponents relative to specific locations and for long-term health 
surveillance. 
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Introduction: Why Medical Training? 


Medical training is common in marine mammal husbandry 
and is an essential tool for effective marine mammal medi- 
cine. It was originally developed to enhance the welfare 
of animals and diminish their stress, as well as to reduce 
the risks of humans and animals being hurt during han- 
dling and anesthesia. Medical training refers to the types of 
husbandry behaviors, based on operant conditioning, that 
have become integrated into marine mammal training pro- 
grams. This training can result in the collection of a sample 
or the needed information in only a few minutes, rather 
than the hours to days needed in planning restraint or anes- 
thetic procedures. Initially, medical examinations through 
voluntary approaches were limited to assessing physical 
parameters and the collection of several body fluids and 
exudates (Sweeney 1990). They have evolved over the years 
with the advent of transportable diagnostic imaging tools 
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(Lacave 1997) and access to newer specific investigation 
technologies, to allow advanced diagnostics (Lacave 2012a). 
In many instances, however, especially in zoological envi- 
ronments, the veterinarians are not familiar with operant 
conditioning, nor realize the importance of the desensitiza- 
tion steps to obtain a specific behavior. This can jeopardize 
the outcome, due to either an inadequate approach or lack 
of patience. On the other hand, if the trainers and keepers 
have good communications with their veterinarian, a correct 
set-up and an adequate approach for a specific procedure 
can be defined from the beginning and medical training can 
enhance marine mammal care, diagnostics, treatment, and 
well-being. 

Preventive medicine has become much more prevalent 
in zoos and aquaria, and the need to recognize and iden- 
tify changes in behavior and symptoms early on is a must. 
Handlers and trainers have adapted standard training pro- 
cedures, used formerly exclusively for public presentations, 
to obtain the voluntary participation of marine mammals in 
many routine clinical examinations. Indeed, if a marine mam- 
mal is not trained and it is difficult to obtain a blood sample 
or approach it closely enough to examine it, problems can 
develop that could be prevented. The veterinarian will miss 
the opportunity to pinpoint a problem when there is still time 
to do something about it. Medical training is for the benefit 
of the animal but is a vital tool for veterinarians to exercise 
their expertise. Furthermore, if blood sampling or ultrasound 
checkups are only performed when an animal is sick, limited 
reference values will be available for that animal. Establishing 
normal values for individual animals using different diagnos- 
tic procedures has been facilitated through the use of volun- 
tary husbandry behaviors. 


Teamwork 


For medical training to be successful, teamwork is needed 
among trainers, animals, and the veterinarians (Clark Price 
et al. 2016). The veterinarian needs to communicate exactly 
what he/she needs and what access to the animal is necessary. 
Without communication, one will not obtain the requested 
behaviors. If there is a dominancy or bait situation between 
the handler and the animal, medical behaviors will not occur 
reliably, particularly when these become more complex or 
when a there is slight discomfort for the animal, because 
the animal will not have confidence in its trainer. The most 
important point to remember is that the trainers have the key 
role in this teamwork. If they do not have a good relation- 
ship with their animals and do not train them for the desired 
intervention (e.g., blood sampling), the veterinarian will not 
have that sample. But efforts are also necessary on the part of 
the veterinarian. It is important for veterinarians to take time 
and regularly visit the trainers for positive desensitization ses- 
sions with the animals, and to get to know the animals better. 
Otherwise, the veterinarian is assessed by the animal as an 
unpleasant factor. 


The Animals 


Although some amazing behaviors can be trained, there will 
always be animals for which medical training, or at least some 
specific behavioral training, will not work, although one can 
generally always teach a little something. As much as marine 
mammals can be trained, they are—and will remain—“wild” 
or “nondomesticated” animals, and caution should always 
be exercised, particularly when working with large animals. 
Even still, much can be gained through protected or semipro- 
tected contact (see below). 

For medical training, there is one essential requirement: the 
ability to separate the animal physically—or somewhat spatially 
pending on the behaviour or the animal—and work with it 
individually—referred to as “gating.” Without proper gating or 
separation, one will very quickly be limited in what can be 
obtained. If one is busy desensitizing an animal for a needle 
stick, for example, one cannot have another animal interfer- 
ing at that moment. Separation and gating are not the easiest 
behaviors to train, are too often taken for granted by less 
experienced trainers, and yet are the behaviors that need to 
be trained and reinforced throughout the life of the animal. 


Training: Some Basic Theory 


Operant Conditioning 


Medical training is based on operant conditioning with posi- 
tive reinforcement. Operant conditioning is defined as “any 
training or conditioning where the frequency of a behav- 
ior is influenced by the consequence of that behavior—and 
the subject (in our case the animal) is the one deciding on 
the behavior” (Skinner 1938). This is the principle used in 
medical training, with the outcome influenced by positive 
reinforcement. 


Reinforcement 


In operant conditioning “positive” means something that is 
added to the environment, as opposed to “negative”, when 
something is taken away. A positive reinforcement is some- 
thing pleasant that is likely to augment the frequency of a 
behavior when it follows that behavior. Primary reinforce- 
ments are mandatory for the well-being of the animal (e.g., 
food), while secondary reinforcements are learned (e.g., pet- 
ting or praising) and initially paired with a primary reinforce- 
ment, and so are animal- or trainer-dependent. 

A negative reinforcement is the removal of something to 
augment the frequency of a behavior (e.g., ceasing to use netting 
to make an animal gate). This is different from punishment— 
generally something unpleasant—which will likely diminish 
the frequency of a behavior. A punishment can be positive by 
adding something aversive to the environment (e.g., hitting an 
animal) or negative by retrieving something from the environ- 
ment (e.g., cutting out food). 
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These two examples freely adapted from Animal Training 
(Ramirez 1999) illustrate the concept: 


1. If a dog approaches a fountain and gets sprayed by 
water and he likes it, he will likely want to approach 
it again. His behavior has been conditioned by 
the result. In his case, he likes being sprayed by 
water—it is a positive reinforcement. The frequency 
of his behavior (approaching the fountain) will be 
augmented because he likes it. He is the one decid- 
ing to approach the fountain (he is the “operant” 
factor). 

2. If a cat approaches a fountain and gets sprayed by 
water and he does not like it, he will likely try to 
avoid or run away from the fountain. His behavior 
has been conditioned by the result. In his case, he 
does not like being sprayed by the water, being wet. 
It is a positive punishment—something unpleasant 
has been added to the environment of the animal, 
water, to diminish a behavior, approaching the 
fountain. The frequency of his behavior (approach- 
ing the fountain) will be diminished because he 
does not like it. He is also the one deciding on the 
behavior. 


In these examples, the same behavior (approaching the 
fountain) has different outcomes, because the consequences 
are experienced differently by the subjects. It was a positive 
reinforcement for the dog (so the frequency of the behavior 
will be augmented) and a positive punishment for the cat (the 
frequency of the behavior will be diminished). 

When strong trust is needed for the training of some- 
times uncomfortable behaviors in medical training, such as 
blood sampling or gastroscopy, only positive reinforcement 
(a pleasant outcome) will work. The key to long-term success 
in medical training is to reward the animal for allowing us to 
do something—and never try to force it or trick it. 


Bridge 


A “bridge” is a signal that tells the animal it has done well 
and will receive a reinforcement. It bridges the moment the 
animal is doing something correctly (which could sometimes 
be far away from the trainers) and the moment it receives its 
reward, which usually occurs when it returns to the trainer. 
The timing of the bridge and selective reinforcement of the 
different steps are very important, as they need to pinpoint 
accurately the behavior we want the animal to perform and 
no other behavior. Knowledge and practical experience of 
operant conditioning are mandatory to being able to shape 
and bridge correctly the successive approximation steps in 
medical training, especially once these become more sophis- 
ticated. Auditory (e.g, a whistle blow; the word “good!”), 
visual (e.g., a flashlight or hand movement), or tactile (a small 
tap of the hand) bridges can all be used. 


Discriminative Stimulus (SD) 


The term discriminative stimulus (SD) refers to the cue or sig- 
nal given to the animal to perform a behavior. The SDs need 
to be discriminative enough for the animals to differentiate 
the different behaviors asked for. These also can be auditory, 
visual, or tactile. 


Time 
Time is of the utmost importance in medical training. One 
will likely reach some results more quickly using punish- 
ment or withholding food from the animal, but reliable and 
consistent training will never be obtained this way. Having 
patience, taking the time, and working step by step are the 
guidelines to follow. 

The image of building blocks illustrates this. A child who 
is putting a block on top of another will very quickly build 
a high tower. However, one push or movement of the table 
on which the tower has been built will make it collapse, and 
then it is much more difficult to rebuild a tower among the 
collapsed rumble. The same applies to medical training. If 
one goes too fast (I bet I can train my sea lion for a blood 
stick starting from scratch in only a few weeks!”), the behav- 
ior is likely to break down very quickly and will probably be 
hard to regain. On the other hand, if one builds pyramids, 
as by the Egyptians, they last (ve do not have towers from 
Antiquity any more). Because the base is broad and strong, 
all the upper levels are well sustained. The blocks will not 
fall down easily with a push or a movement of the table. 
However, it takes a long time to build the base, and some- 
times trainers do not have the impression they are moving 
forward with training, or veterinarians get impatient, and by 
jumping steps, one can jeopardize the final outcome. That 
“push” on the table can be a new animal, a new area, a 
new trainer, a new piece of equipment, etc. The stronger and 
broader the basic behaviors, the faster the more sophisticated 
medical behaviors will be learned at a later stage. 


Basic Behaviors 


The six behaviors described below are the most important 
tools for training of all medical behaviors. 


Target 


This is the most useful tool in training. “Targeting” is teach- 
ing an animal to touch something it is presented with, with 
any part of its body. Training for targeting is started by using 
a pole and touching the muzzle or rostrum of the animal with 
it, bridging and reinforcing it (see Figure 39.1). The animal 
will learn very quickly that it is reinforced when it targets, and 
control of the animal is achieved. Depending upon the animal, 
the fist, hand, or fingers can be used instead of a target pole. 
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Figure 39.1 California sea lion trained to target. 
(Courtesy of Nausicaa.) 


With time, an animal can be taught to touch the pole or the 
hand with other parts of the body and remain calm while 
doing so. The animal will learn to touch that target when it is 
placed in different positions, sometimes at some distance from 
the trainer, and that is how medical behaviors are shaped. It will, 
for example, help a sea lion learning to lift a flipper for a turn 
position while lying down, to fine-tune the position of its body 
for a radiograph, or to begin to learn to enter a transport cage. 


Place 


It is very helpful to teach an animal, be it a dolphin, a seal, or 
a sea lion, to station in front of the trainer, or at an assigned 
place, while being held under control by a target. With time, the 
animal should be desensitized to have other people approach 
and, in the case of pinnipeds, allow them to walk around it. 
This will allow the veterinarian to look at overall body condi- 
tion of the animal. If the animal does not trust its trainer, and 
positive reinforcement is not used for the working relationship 
(ie., the classical mistake is to clap behind animals or hose 
them to make them move), the need to move around the ani- 
mal to examine it will be a delicate step, particularly when the 
animal loses sight of the person, because the animal may fear 
what the person might do then. This lack of trust will compli- 
cate, or render impossible, many medical behaviors. Being able 
to approach and check the animal closely is the starting point 
for all medical behaviors, yet this very basic behavior unfortu- 
nately is still lacking in many zoological settings. 


Stay 


In husbandry behaviors, teaching the animal to stay at a specific 
place or in a specific position for a prolonged period of time 


while staying calm and relaxed, also when people are moving 
around or picking up material, is a necessary step. Time is a cru- 
cial factor in medical training: an ultrasound session can take a 
while, and if the animal only stays for a short 20 seconds in the 
requested position, the veterinarian will never be able to obtain 
useful information. Inspection of the dentition is not possible if 
the animal does not keep its mouth open in a relaxed way for a 
certain amount of time. This “staying” behavior is a basic behav- 
ior that needs to be trained from the beginning, and is one of 
the stronger blocks of the pyramid base. 


Touch 


Desensitizing young animals to touch, working with them 
from early on, is easier than starting with untrained adult 
animals. Some animals like to be touched, some will just 
accept it, and others may hardly ever allow themselves to 
be touched. With some animals, particularly unpredictable 
pinnipeds, it may only be possible to touch them with full 
protected or semiprotected contact (see Figure 39.2). 


Water 


Pinnipeds, being “amphibian” animals, often thrive on being 
sent into water at any time during a training session. Being in 
the water often gives them a sense of security, but it is also a 
safety tool for people. 


“A to B”’—Separation of Animals— Gating 


One needs to be able to gate, or at least spatially separate, 
a marine mammal, without problem and at any time, from 
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one area to another, and separate it from the group and work 
with it without interference from conspecifics. Without this, it 
is very difficult to desensitize the animal to many behaviors. 
The basic for this is to have a very strong ability to send the 
animal from point A to point B, “A to B.” 


Routine Medical Behaviors 


By using the training tools and the basic behaviors described 
above, routine medical behaviors can be trained and 
implemented. 


Weighing 

Weighing is necessary to assess the efficacy of nutrition, 
the well-being of the animals, weight gain during a preg- 
nancy, possible seasonal fluctuation, and detection of any 
unexpected weight changes that may reflect onset of disease 
(Boyd 2016). This should be mandatory and done on a regu- 
lar basis, preferably every week. Pinnipeds can be targeted or 
sent by an “A to B” to a scale. Dolphins are generally trained 
to slide out of the water onto a poolside scale. In some facili- 
ties, dolphins have been desensitized to stretcher training and 
are lifted to be weighed. 


Body Examination 


A pinniped should learn to station in front of its trainer, lie 
down on its ventrum, and turn Cleft and right), and whenever 
possible, in dorsal recumbency. Too often, animals are trained 


Figure 39.2 California sea lion trained to stand 
for radiograph with protected contact. (Courtesy of 
Nausicaa.) 


to turn only one way, and this will hinder examination of the 
body or complete ultrasound at a later stage in the medical 
training. Cetaceans should learn to station in front of their 
trainers and lie in the same positions (ventral, dorsal, and 
both lateral positions) next to the pool edge (Figure 39.3). 
These will be the basic positions for most medical behaviors. 
The animals should be desensitized to tactile manipulations 
of all areas, including anogenital access. Handling of flippers 
for nail checks is also important in pinnipeds. If the veteri- 
narian cannot have a close look at a wound, a skin problem, 
a torn nail, or an inflamed joint, for example, it might take a 
while before such a problem is detected and treated. These 
positions also allow for auscultation of lungs and heart, local 
and topical treatments, and, with desensitization, collection of 
swabs and/or scrapings for cytology and cultures. 


Eye Examination 


Cetaceans and pinnipeds can be trained to keep their eyes 
open for an extended period allowing a thorough examina- 
tion of the eye and surrounding tissues. By target training, it is 
also possible to teach the animal to move the eye in different 
directions, permitting visualization of different areas. Close-up 
pictures are useful to assess and monitor the evolution of a 
problem over time, so desensitization to camera and flashes 
should also be trained for (Lacave et al. 2006). Cetaceans can 
lie laterally, with the head slightly out of the water, and pinni- 
peds can bend or twist their necks, so that the eye is in a hori- 
zontal position to receive drop administration. The important 
part of the desensitization is to have the animal keep the eye 
open when drops are given (Figure 39.4). Once an animal is 
trained to receive eye drops, it is of the utmost importance to 
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Figure 39.3 Bottlenose dolphin stationed poolside for ultra- 
sound examination. (Courtesy of Zoomarine.) 


nN 


\ 


ys O98 


Figure 39.4 California sea lion trained to keep the eye open for applica- 
tion of eye drops. (Courtesy of Amneville.) 


desensitize it to several administrations per day for a week or 
two in succession, to ensure that once such a treatment begins 
in earnest, the treatment does not fail (Joury et al. 2014). If 
the animal is not trained for successive treatment regimes, the 
animal may do it for a day or two and then stop cooperat- 
ing because frequency had not been trained for. Desensitizing 
animals to work in a dark environment is a useful tool, too, as 
their pupil will then be wide open and provide a clear view, 


when no opacities are present on the cornea, to see to the 
back of the eye (Huguet et al. 2012). Training for ocular exami- 
nation and frequent application of eye drops has improved 
the success of ocular surgery such as cataract removal due to 
enhanced postoperative care (see Chapter 23). 


Oral Examination 


Both cetaceans and pinnipeds should be desensitized to vol- 
untarily opening the mouth (Figure 39.5), as this is the first 
thing to check if an animal shows sudden anorexia. Gums, 
tongue, palate, throat, and particularly the teeth should be 
examined. The animal can also be trained to have fingers 
or an instrument touch parts of the mouth and the teeth, 
which can help address simple problems, such as retrieving 
an object or something squeezed between the teeth. It can 
also help positioning dental x-ray plate (see Chapter 22). A 
well-trained behavior also allows for local tooth flushing and 
has enabled capping of teeth in conscious walruses (Oland 
and Snyder 1997). In general, it is preferable for the trainer 
to keep contact with the upper and lower jaws of the ani- 
mal with two hands (or two target poles) when the mouth is 
open, as it yields better control, and to desensitize the animal 
to having another person intervene. It is also more reassur- 
ing for the veterinarian to have the trainer “controlling” both 
jaws of an animal when working in the mouth of the patient 
(Figure 39.5). It should be possible to open or close the 
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mouth under control and move it vertically and laterally for 
inspection. When only one hand is used to open the mouth, 
with several fingers on the upper jaw and the thumb on the 
lower jaw, the hand it is often in the way of good visualization. 
Tooth problems are underdiagnosed problems in pinnipeds 
in zoological settings (Lacave et al. 2004). Being able to brush 
the teeth of the animals on a daily basis helps alleviate some 
problems and will also allow a regular thorough checkup of 
the mouth. With the evolution of diagnostic techniques, par- 
ticularly in endocrinology, saliva sampling has become a very 
useful tool. In some facilities, oral medication and daily vita- 
mins are given straight into an open mouth, and the animal is 
then rewarded and reinforced for swallowing them. 


Blowhole or Nostril Sampling 


An upper respiratory tract sample (from blowhole or nostrils) 
can be collected through the training of a forced expiration. 
Breathing in and out on command has been the basis for 
more complex behaviors such as receiving aerosol therapy in 
cetaceans or gas anesthesia induction in pinnipeds. It is also 
possible to train a dolphin to keep its blowhole open, or a 
sea lion its nostrils, to allow good visualization of the internal 
structures and for touching and swabbing. 


Gastric Sampling 


Obtaining a stomach sample from a fasted animal is extremely 
helpful for the identification of gastric disorders. With a normal 
pH of 1-15 in a fasted animal, a clear fluid with little to no 
cells should be collected. It is somewhat easier to train for gas- 
tric sampling in cetaceans, since there is no open connection 
between the respiratory and digestive tracts (the goose beak is 
held in position through strong muscles in the “nasal” opening 
dorsally). In recent years, the ability to train for gastric sam- 
pling has become a routine behavior in pinnipeds, too. A strong 


Figure 39.5 California sea lion holds his mouth open while at 
target. (Courtesy of Nausicaa.) 


stationing behavior with a consistent two-hands target (hands 
on upper and lower jaws) with mouth opening is the basic 
behavior to start with. Transparent equine nasogastric tubes, 
with soft, rounded ends, 9-25 mm wide and up to 3 m long, 
depending on the size of the animal, are generally used. At 
times, cells originating from the upper respiratory tract can be 
found in a gastric sample, if the animal has swallowed sputum. 

The same behavior can be trained for and used for vol- 
untary rehydration, which can be supportive treatment dur- 
ing sickness, long-term antibiotic administration, or molting 
in pinnipeds. If an animal is very consistently trained for intu- 
bation, the more complex procedure of voluntary gastroscopy 
can be trained for, but it requires excellent control and timing 
with the animal, since the instruments involved are fragile 
and expensive. The major advantages of training these behav- 
iors are the ability to observe ulcers, detect delayed emptying 
of the stomach, and retrieve foreign objects from the upper 
gastric tract without having to anesthetize the animal. These 
techniques have been performed on both trained pinnipeds 
and cetaceans (Bourgain et al. 2008). 


Fecal Sampling 


A soft and flexible tube (generally a 4- to 5-mm-wide and 
60-cm-long, small dog gastric tube) can be delicately inserted 
into the rectum to collect feces. As fecal material in dolphins 
is normally semiliquid, it is easily collected when present, but 
it may be more difficult to sample in pinnipeds, since they 
have harder stools. Lubricating the external part of the tube 
with paraffin or lubricant can help insertion of the tube. The 
behavior can be utilized for rectal temperature checks using a 
digital thermometer with a sensor probe at the end of a long 
flexible tube. To have a reliable temperature recording in a 
cetacean, the probe should be inserted for about 30 cm and 
stay in place for at least a minute. Rectal temperature can be 
useful for birth prediction in dolphins, as a drop of 1°C in the 
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24-48 hours prepartum has been recorded in some animals 
(Terasawa, Yokoyam, and Kitamura 1999). 


Blood Sampling 


The first voluntary blood sampling of a dolphin was in 1964 
by Dr. Sam Ridgway, at Point Mugu, so that the “capture” of 
the animals for health checks would not interrupt the hear- 
ing studies being performed by Dr. Scott Johnson at the time 
(Ridgway pers. comm.). Details about blood sampling sites 
and needle sizes can be found in other chapters of this book 
(see Chapters 35, 37, 42 through 44), and some training 
specifics are summarized below. 

In cetaceans, voluntary samples are generally obtained 
from the main superficial vessel of the fluke, either dorsally 
or preferably ventrally. Other sites less commonly used are 
the dorsal fin or pectoral flipper veins, and the ventral aspect 
of the peduncle. The animal can be in a head-down verti- 
cal position, a horizontal position, or a lateral position. Some 
animals will stay head-down for a long period, while others 
will prefer floating on the surface, watching or breathing at 
regular intervals. Every position is acceptable, and it is best to 
sometimes accommodate an animal (cetacean or pinniped) for 
it to be comfortable when doing a somewhat invasive proce- 
dure. However, the necessary conditions for blood sampling a 
dolphin are to have the animal calm and relaxed in the posi- 
tion that is the most suitable for it, for a certain length of time, 
and with the fluke lying still, without constraint, in the lap of 
the trainers or poolside. Desensitizing the animal to the pres- 
ence of the veterinarian, the disinfection, the manipulation, 
and searching for the correct area to insert the needle are all 
factors that need to be thoroughly reviewed during the desen- 
sitization steps. In training for blood sampling, an important 
factor to train first is duration. The animal needs to stay calm in 
the requested position for a certain period, and with exertion 
of some pressure, before one starts training for the needle. Too 
often, there is a rush to quickly start inserting a needle, and 
the behavior is constructed “tower way” instead of “pyramid 
way.” Blood is usually taken on a monthly basis in dolphins, 
but, once trained and when needed, it is possible to take blood 
every day or every other day, as a voluntary behavior, in order 
to follow the course of a disease and the effects of treatment. 

In otariids, the best place to sample blood is the caudal 
gluteal vein, as the vein is a reasonable size, and when hit 
correctly, a 10 ml sample can be collected quickly. However, 
because the vein is not visible and is deep, the veterinarian 
needs to be familiar with the anatomical reference sites. The 
animal needs to be in straight sternal recumbency with the 
hind flippers slightly spread but aligned with the length of 
the body and flat on the floor. A classical mistake is to tuck 
the front flippers alongside the body. This will often make 
the animal lean more toward one side or the other, and as 
such, the anatomical references will be slightly off. It is better 
to have the animal in a slight spread-eagled position, with the 
front flippers spread out, for this. The vein is reachable at the 


first third of the distance between the trochanter and the tip of 
the tail, and at about one finger’s width lateral to the vertebral 
column. Each animal is a little different, so when bleeding 
regularly, one can learn how to angle the needle for each ani- 
mal. Epidural needles are not recommended when working 
with voluntary sampling as their bevel is not as long and sharp 
as regular needles, and a greater pressure has to be exerted to 
pass the needle through the skin; in addition, some animals 
will hence show discomfort or quit the position because of the 
strength necessary to insert the epidural needle. 

In phocids, the recommended and easiest area to sample 
blood voluntarily is from the epidural, or extradural intraver- 
tebral vein/sinus; when the animal is in ventral recumbency, 
locate the spines of lumbar vertebrae 3 and 4, and then the 
needle is inserted perpendicularly between the two vertebral 
bodies. The animal needs to be straight, and desensitized to 
being touched near its tail and caudal spine and to allowing 
strong pressure from the veterinarian to feel the vertebrae 
(Ferrer et al. 2012). Important desensitization steps for the 
trainers are to “copy” everything the veterinarian does when 
taking blood (even, for example, the habit of putting the cap 
of the needle in the mouth and then pulling the needle out). 
If not desensitized to this, some animals will take it as the cue 
for the “real” blood sampling and go away. 

In otariids and phocids, blood can also be taken voluntarily 
from the plexus of veins that run interdigitally. The plexus is 
reachable on the dorsal part of the hind flipper in otariids on 
either side of the third phalanx, and on the ventral part of the 
hind flipper in phocids, running along either side of the sec- 
ond and third phalanx at the base of the web. In phocids, the 
animals can be trained to stay in ventral recumbency and have 
their hind flipper twisted gently for this behavior. However, 
the author’s experience is that although seals do not mind 
much when a needle is inserted intervertebrally, many have a 
harder time letting their hind flippers be manipulated (Lacave 
2002). In otariids, the superficial veins that run dorsally in the 
webbed skin between the digits of the hind flippers are more 
accessible for voluntary blood sampling. They are very super- 
ficial and tiny, quite visible in Patagonian sea lions (Ofaria 
byronia) and in South African fur seals dike Arctocephalus 
pusillus), although less so in females, but are much more dif- 
ficult to see in California sea lions (Zalophus californianus). 
Putting hot towels on the flippers or using a tourniquet can 
help dilate the vessels, and the animals need to be desensi- 
tized accordingly. Using a vacuum system is generally not rec- 
ommended here as the aspiration can collapse the vein. Thin 
butterfly needles (23 gauge) rinsed with anticoagulant should 
be used. Because the blood will coagulate rapidly, it is a good 
habit to exert a continuous rolling movement of the syringe 
when the blood is taken and to aim for no more than 5 ml. 
The animal should be desensitized to the connecting tube of 
the butterfly accidently touching its flipper during the manipu- 
lation. Some facilities have also had success with voluntary 
blood as the level of the jugular or in some superficial veins 
both in the dorsal and ventral part of the fore flipper. 
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The difficult part for many veterinarians working with the 
voluntary participation of the animal for blood sampling is 
learning to be very gentle with the animal. Sticking the animal 
suddenly is not the way to go, as with time, the animal will not 
know what or when to expect it and may be quite startled by it 
(that is also why I do not like the snap of a rubber band to be 
used in the desensitization process). A lot of patience is neces- 
sary, and the needle needs to be inserted gently and slowly. 
Success will depend upon this gentle and quiet approach in 
many cases. And the golden rule: one attempt. If the animal 
was perfect in the position, but the veterinarian did not man- 
age to take blood, abort, reinforce, and retry later (though this 
could be slightly adapted in very well-trained animals). 


Ultrasound 


Ultrasound was originally used for monitoring gestation and 
fetal development (Williamson, Gales, and Lister 1990; Brook 
1997, Stone et al. 1999; Lacave et al. 2002), but it is now essen- 
tial in preventive medicine because there are now portable 
and reasonably economical machines that can be taken to 
the animal (see Chapter 24). The previously described pool- 
side positions are used in cetaceans for ultrasound behavioral 
training. A scanning session, particularly if a general checkup 
is performed and all organs are examined, can take up to 
10-20 minutes per side. It is important for the trainers and 
the veterinarian to be comfortable, so that the exam can be 
performed swiftly and accurately. Bending over an edge or 
having to turn the head sideways to see the ultrasound screen 
will render the session more difficult and lengthen the time to 
obtain images. The recommendation is to have two trainers 
sustain the animal—at the level of the head and the tail—and 
for the scanning veterinarian to be in between. This way, the 


trainers can easily move the animal forward and backward or 
slightly roll it laterally. Too often, when only one trainer holds 
or controls the animal, the animal will tend to drift away or 
sink down at the unheld side (training-wise, the criteria of the 
behavior is being lost), or the trainer will be in the way of the 
scanning veterinarian. For trainers, it is important to realize 
that the image captured is in 2-D (comparable to a very thin 
slice of the animal), and exaggerated movements or frequent 
breathings by the animal will prevent the identification and 
follow-up of smaller structures (e.g., ovaries). When working 
outside, it is strongly recommended to work with goggles. 
The original desensitization to the machine (also potentially 
the plastic protection, which can be moving and be noisy 
when there are strong winds), the probe (with different fre- 
quencies), the wearing of goggles, and touching all parts of 
the body also need to be done through all the necessary 
approximations steps. Cetaceans are excellent patients for 
ultrasound because their skin is constantly covered by a thin 
layer of water, which is an excellent wave conductor. 
Pinnipeds can also be desensitized to ultrasound exami- 
nation. Ventral, dorsal, and lateral recumbencies are the basic 
requirements and most of the time preferred to the stationing 
(“sitting”) position (Lacave 2012b, 2015; Figure 39.6). The 
animal should stay calm and in position when the machine is 
moved near its body. A basic mistake is to follow the animal 
with the probe if it moves away. It is important to desensitize 
the animal to the application of gel. The gel bottle may be 
shaken forcefully or squeezed to get the gel out, resulting in 
some noise. This can jeopardize a session if the animal has 
not been desensitized to these practicalities (harsh movement, 
noise) of performing an ultrasound. Recently, advances have 
been made in ophthalmological checkups through immer- 
sion ultrasound (Joury, Maillot, and Alerte 2014, Lacave 2014; 


Figure 39.6 Ideal position of a California sea lion for abdomi- 
nal ultrasound. (Courtesy of Amneville.) 
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Lacave and Huguet 2017). Combining behavior of intuba- 
tion and ultrasound has also allowed cardiology checkups 
through transesophageal echocardiography (Rice et al. 2015). 


Radiography 


The same steps as described above are used for radiogra- 
phy desensitization. The “stay” cue is of great importance to 
keep the animal in a specific position, but it also allows the 
trainer to move away from the x-ray beam and the animal. 
Desensitization to protective equipment (lead aprons, gloves, 
glasses) is not to be underestimated. 

Being able to manipulate the animal to fine-tune a posi- 
tion a couple of times before actually taking the radiograph is 
a great tool, as care should be taken not to take unnecessary 
images. The evolution of transportable and handheld machines, 
together with the advent of digital radiography, has been a 
great addition to this imaging technique in marine mammals. 

Pinnipeds are easy to radiograph on land. Cetaceans can 
be asked to slide out onto a radiography plate or be desen- 
sitized to plates being held against them in the correct posi- 
tion. Excellent dental radiographs can be obtained by training 
animals to hold plates in their mouth. 


Advanced Medical Behaviors 


While the formerly described behaviors are part of routine 
medical checkups, additional behaviors have been obtained 
in recent years and are added to the medical behavior panel 
of trained animals. Choices of which behaviors to train for are 
often triggered by the animal’s own medical history. Details 
about the behaviors will not be reviewed, but they have all 
been trained for using the basic behaviors referred to above. 


Urine Sampling 


Urine sampling in dolphins can be trained for by exerting 
local pressure on the bladder (after ultrasonography to deter- 
mine that it is full) and/or in other cetaceans by capturing the 
behavior (bridging when the animal was urinating on its own). 
In female pinnipeds, manually triggering the genital area and 
splashing warm water has also proven helpful. In well-trained 
animals and with careful approximation steps, it is possible, 
both in males and females, to catheterize the bladder. 


Milk Sampling 


The ideal position for milk collection in a cetacean is a lat- 
eral position, poolside, sustained by the legs of two trainers, 
with the area of the upper mammary gland lifted above the 
water (dorsal recumbency makes it too difficult to collect the 
milk). The animal can be desensitized to an adapted syringe 
or a breast pump pressed on the mammary slits, and needs 
to become used to the feel of suction. In larger animals, the 


same can be achieved with a slide out into a lateral position. 
Pinnipeds have also been desensitized to the same devices, 
lying in a lateral recumbency. 


Semen Sampling 


Conditioning for semen collection in cetaceans is important 
to reproductive programs in many institutions and is being 
developed for pinnipeds (Gonzalez et al. 2015). The male is 
generally in dorsal recumbency and initially is manually stim- 
ulated with the slightest reaction being bridged. By further 
approximation steps, it is eventually possible to trigger a full 
erection and ejaculation on cue. 


Injections 


The same basic desensitization of needle insertion can be 
used for the training of intramuscular (IM) or subcutaneous 
(SC) injections. An important step in the training is the feeling 
of having a product injected, which can be desensitized by 
injecting sterile physiological water. 

Killer whales (Orcinus orca) are generally desensitized to 
calmly accept IM injections while dock dried on a lifting plat- 
form. Voluntary long-term SC rehydration in pinnipeds and/ 
or IM injections of antibiotics have also been reported and 
successful in both species (Ruiz, Henderson, and Reid 2015). 
The same type of desensitization can allow for fine-needle 
aspirates, as well. 


Biopsies 


Animals can be desensitized to local anesthesia and biopsies, 
especially skin biopsies (Molnar et al. 2016). Some facilities 
have performed buccal and genital biopsies, and even tumor 
freeze-branding or resections under voluntary behavior (Pereira 
et al. 2002; Lacave et al. 2003; Massei et al. 2004; Figure 39.7). 


Endoscopy 


Gastroscopy is a complex behavior deriving from intubation. 
It is also possible to desensitize animals to other types of 
endoscopies such as cystoscopy (De Souza et al. 1998) or 
vaginoscopy (Neto et al. 2006), which is an important tool for 
artificial insemination in cetacean breeding programs. 


Anesthesia 


Pinnipeds have been trained to breathe voluntarily from a mask, 
while contained in a squeeze cage, for anesthesia induction. 


CT Scan 


Dolphins have been desensitized to being repeatedly dry 
docked and transported to CT scanners, while staying calm 
and under control of their trainer (Cooper 2016). 
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Figure 39.7 A bottlenose dolphin trained to 
allow tumor resection by cryosurgery. (Courtesy of 
Mike Walsh.) 


Prosthetics 


In recent years, use of modern technology has made it pos- 
sible to develop prosthetic equipment for cetaceans and pin- 
nipeds, providing them, through progressive desensitization 
and adaptation, a better quality of life (Arnold 2016). 


Protected Contact 


Protected contact is recommended when working with 
all potentially aggressive animals (though all animals are 
potentially aggressive) or individual animals that often have 
enhanced or unpredicted reactions. It is also worth using dur- 
ing behaviors that can elicit unexpected pain, such as a blood 
sampling, injections, or biopsy, where one might want to pro- 
tect oneself from an automatic response to pain, which is 
not necessarily aggressive. Animals can be desensitized to a 
protecting shield, separation board, or squeeze cage. All vol- 
untary medical behaviors—even the more complex ones— 
can be performed this way without danger for the people 
involved (Bourgain et al. 2008; Sleeman and Harris 2015). The 
safety of a person is much more important than any required 
sample, and taking risks to obtain one is unacceptable. It is 
extremely important to desensitize the animals to the pro- 
tecting devices that will be used, as accidents can happen in 
case of forceful use (broken tooth or jaw in a squeeze cage 
for example). Sometimes skittish animals feel safe when sepa- 
rated from people by a board or when in the more confined 
space of a squeeze cage, and will work quite well this way. 
Generally, if the protecting device is transparent or allows 
some vision of what is happening to the animal, the animal 
will be more willing to perform the requested behavior. 


Lifting Floor 


Cetaceans should be trained to enter an area with a lifting 
floor daily, station while the platform is being lifted, allow 
the presence of multiple people, and be manipulated in 
this shallow water or dry setup. Desensitization of pregnant 
cetaceans to the lifting floor is vital (Di Mecola, Lacave, and 
Biancani 2011). While more and more voluntary behaviors are 


trained for in marine mammals, there is still a fear to apply 
these to very young calves (Lacave and Cox 2000). Young ani- 
mals need these medical checks as well, and the use of and 
desensitization to a lifting floor have brought changes to their 
handling in recent years (Lacave et al. 2005). Having their 
mother comfortable during the handling, because they are 
used to the platform, is extremely helpful (Salbany, Roque, 
and Lacave 2004). 


Conclusions 


One general recommendation I would like to give to vet- 
erinarians when working with any animal through voluntary 
behaviors is that when the trainer or keeper asks to stop, not 
to ask for “only a few seconds more,” but to stop right away 
(which is sometimes difficult for a veterinarian) and finish 
on a positive note. There are no limits as to what can be 
asked as voluntary behavior from our animals. The behaviors 
mentioned in this chapter are not the limit, and 30 years ago, 
many would not have imagined all that can be done today. 
Medical behavior training has been a great help in promot- 
ing preventive medicine and research (Madigan and Fahlman 
2016). The important factors are a great relationship between 
the trainer and his/her animal, great communication between 
the trainers and the veterinarians, excellent teamwork, and 
the use of positive reinforcement. 
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Introduction 


The aim of this chapter is to provide an outline of cetacean 
medicine as it is currently practiced. It is not intended to 
be an exhaustive review of the scientific literature on ceta- 
cean health and diseases. This chapter is written with a keen 
eye on practical tools that could not otherwise be shared via 
publications and presentations, that may or may not be sci- 
entific in their basis, but are thought to be useful by at least 
one of the authors. It includes tips to help translate scien- 
tific evidence, based on significant numbers of replicates, to 
the individual cetacean with its unique set of conditions and 
needs. From here, the cetacean clinician will have to decide 
how to apply the science, these tools, and these tips to each 
individual animal in the prevention and treatment of disease. 


Cetacean Husbandry 


The scientific basis for marine mammal husbandry is an ever- 
expanding body of knowledge that includes anatomy, biol- 
ogy, physiology, water quality, nutrition, behavioral science, 
and veterinary medicine. Of these, husbandry training, social 
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interaction, appropriate facilities, and nutrition are recognized, 
among others, by the marine mammal welfare research com- 
munity as key components for a successful wellness program 
for those cetaceans that live in an environment controlled by 
man (Clegg, Borger-Turner, and Eskelinen 2015). 


Husbandry Training 


Husbandry training uses positive operant conditioning to 
modify an animal’s behavior in order to more readily assess 
a cetacean’s health, and is described in the previous chapter 
(see Chapter 39). Not only do these behaviors yield valuable 
diagnostic samples, but even the response time and eager- 
ness with which a cetacean performs a specific husbandry 
behavior can provide important clues to the clinician. The 
usefulness of the numerous husbandry behaviors may vary 
by species and facility and depend on the consistent proac- 
tive collaboration between the trainers and the clinician. 


Medical Facilities 


More invasive medical procedures, such as excisional biopsies 
and bronchoscopies, may not be feasible under positive oper- 
ant conditioning alone. Similarly, as an ill cetacean deterio- 
rates, it will lose interest in its environment and trainers and 
may refuse select trained husbandry behaviors. Husbandry 
training is neither practical nor advised when working with 
wild cetaceans in a rehabilitation setting. In those circum- 
stances, the ability to “strand” (.e., to put an animal in shallow 
water or remove it from the water completely) a potentially 
uncooperative animal is essential to safe medical treatment. 
It may also be important to strand an ill individual’s healthy 
pool mates to maintain its sense of social support. A lifting 
bottom is the state-of-the-art tool to achieve this, and ideally, 
a medical pool with a lifting floor, or equivalent, should be 
part of every cetacean habitat. The medical pool should be of 
sufficient size to comfortably house a sick cetacean and com- 
panion animals for several days if needed. The facility should 
provide for stranding more than one animal at a time any 
time day or night. During the course of ordinary husbandry, 
the whales or dolphins should be provided routine access 
to such medical pools and desensitized to being lifted in 
order to reduce their anxiety and excitement when handling 
becomes necessary. Anorexia and decreased appetite are in 
fact some of the more common and potentially most serious 
complaints presented to a cetacean veterinarian. Trends in 
body weight provide an important background for interpret- 
ing these complaints. Cetaceans that live in human care need 
to be conditioned to be weighed without restraint on a rou- 
tine basis, and a cetacean habitat needs to be equipped with 
a scale of sufficient size to weigh each animal. Regular girth 
measurements, even when combined with visual cues and/or 
ultrasound blubber thickness measurements, may help iden- 
tify a weight trend, but these measurements are not a replace- 
ment for accurate weights. 


Nutrition 


A healthy, safe, and species-appropriate food source is a 
fundamental building block of animal wellness. Cetaceans 
require a properly stored and prepared, species-specific, and 
balanced mix of food fish of a quality suitable for human raw 
consumption. 

There is no universal balanced diet for all cetacean spe- 
cies maintained under human care. For example, Grampus 
spp., Globicephala spp., and some older Tursiops spp. may 
require a minimum amount of squid (Loligo spp.) to avoid 
constipation, while other cetaceans may refuse to take squid. 
In general, a minimum of three species of food items should 
be available to ensure a varied, high-quality diet that is bal- 
anced in volume, available nutrients, and caloric content, and 
that is not prone to interruptions in supply. Herring com- 
monly makes up around 50% of the total diet by weight of 
bottlenose dolphins in human care, with the remainder com- 
prised of capelin, mackerel, sardines, smelt, whiting, squid, 
and other equivalent species. 

Proper food handling procedures are critical. It is rec- 
ommended that frozen fish be moved from freezer to air- 
thaw refrigerator no more than 24 hours before bucketing. 
The fish are then moved to sinks for a quick final thawing, 
rinsing, and bucketing. Cetaceans are exquisitely sensitive 
to Erysipelothrix rhusiopathiae infection. The exact route of 
entry of the bacteria is unknown, but cetaceans are presumed 
to contract £. rhusiopathiae from the slime coat of their food 
fish. Removal of this slime layer is believed to have been a 
contributing factor in reducing the incidence of septicemic 
form and the severity of the nonsepticemic form of erysipelas 
in cetaceans (Walsh et al. 2005). Buckets must be made of 
stainless steel, or similar material, so as to be easily washed 
and sanitized. In warm regions, buckets should be equipped 
with a removable grid at the bottom to separate the fish from 
the thawing fluids. Once bucketed, the fish should be covered 
with a layer of ice adequate to cover the contents and main- 
tain a temperature <4°C until feeding time. 

Regardless of the initial qualitative evaluation made on 
sampled batches upon arrival, individual fish that appear 
badly damaged, show visible signs of storage degradation, 
or have a rancid smell should be discarded. Representative 
samples of fish to be fed to any cetacean should pass a basic 
sensory test by an experienced staff member utilizing appear- 
ance, feel, and smell. A suggested list of characteristics of fish 
that should be examined is provided in Table 40.1. 

Each of these characteristics is scored, and fish that 
receive a score of 8 or more should not be fed to a cetacean. 
It is possible that fish with a score less than 8 may not be suit- 
able for feeding. This judgment is best made by an individual 
experienced in cetacean husbandry. 

Fish destined to feed cetaceans need to be tested for 
quality criteria upon arrival at the facility. Every effort should 
be made not to utilize fish frozen for more than 12 months 
to avoid nutritional degradation. Peroxide values and tissue 
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Table 40.1 A Suggested List of Basic Sensory Characteristics of Food Fish That Should Be 
Examined, Including Result Categories and Associated Scores 


Characteristic Result Score 
Skin Bright, shining 0 
Bright 1 
Dull 2 
Overall feel Elastic 0 
Firm 1 
Soft 2 
Eye clarity Clear 0 
Cloudy 1 
Gill smell Seaweed, metallic 0 
Neutral 1 
Slightly rancid 2 
Stale, rancid 3 


Characteristic Result Score 


fo) 


Seaweed, metallic 
Neutral 
Musty, sour 
Stale, rancid 
Firm 
Soft 
Burst 
Normal 
Flat 
Sunken 
Red 
Discolored 


Smell 


Belly 


Eye shape 


MOON -_? 00ND — 


Gill color 


Note: Food fish that receive a score of 8 or more should not be fed to a cetacean. 


histamine levels can be used to assess the effect of extended 
storage or to address concerns related to cold chain and 
hygienic practices. Peroxides form when fish lipids oxidize, 
and peroxide values are considered the most reliable chemi- 
cal measurement of rancidity in fish (European Food Safety 
Authority 2010). Elevated peroxide values can indicate poor 
nutritional quality but do not usually indicate any toxic danger 
to the consumer. Histamine can form rapidly in fish tissues 
at warm temperatures, and tissue histamine levels can there- 
fore be used to evaluate the integrity of the cold chain and 
good hygienic practices for handling fish (FAO/WHO 2012). 
Elevated levels can trigger toxicity, but susceptibility varies 
between marine mammal species and individuals. Maximum 
allowable peroxide values and histamine levels of 20 meq/ 
kg of fish fat and up to 100 mg/kg, respectively, are often 
employed in cetaceans. However, these maximums have 
been set empirically, based on extrapolation from humans, 
and have not been formally validated for cetaceans. 

The freezing of food fish results in the oxidation of vita- 
mins B9 and C and the fat-soluble vitamins A, D, E, and K. 
Additional water-soluble vitamins and minerals may be lost 
due to water loss due to freezing. Cetaceans should therefore 
be supplemented with a daily multivitamin that contains at 
minimum these vitamins. The authors recommend that vita- 
min supplements be given with the first feeding of the day. 
The vitamin tablets should be loaded in the food fish imme- 
diately prior to administering, so thiaminases in the food fish 
cannot digest the supplemental vitamin Bl. The multivitamin 
dose should not be decreased if a temporary food intake 
decrease is instituted or if food intake is decreased due to 
illness. 

Cetaceans tend to avoid showing symptoms of illness, 
so decreased appetite is often the first and sometimes only 
observed clinical sign. This explains the utility of administering 


a stable, known, but adequate, total daily intake to an indi- 
vidual cetacean. This total daily intake can be tracked in food 
fish weight but is best monitored in calories, since the caloric 
content of food fish can vary greatly. There is no universal 
formula to determine the caloric or food fish need for a ceta- 
cean, as numerous factors can affect digestion and utiliza- 
tion of food available to the animal. The total daily intake 
should reflect the physiologic needs of the individual animal, 
which include growth, activity level, environmental tempera- 
ture, reproductive status and changes in body weight (Slifka 
et al. 2013; see Chapter 29). Changes to the daily intake 
or food fish composition should be carefully planned and 
take into consideration all physiologic needs of the animal 
and differences in caloric content of the food fish. Behavior 
alone should rarely be the sole criterion for determining a 
change. Since decreased appetite may be the first indicator 
of a serious life-threatening illness, any change in appetite 
or acceptance of food should immediately be reported to the 
attending veterinarian. 


Preventative Medicine Program 


A successful cetacean medicine practice is based on a com- 
prehensive preventative medicine program. The goals of a 
preventative medicine program are to prevent disease in the 
population, to diagnose and treat disease in its very early 
stages, and to reduce impacts of existing disease. This pro- 
gram consists of a structured and systematic plan for man- 
aging animal health and wellness through observation, 
communication with staff, diagnostic monitoring, and record 
keeping. The major components of a cetacean preventive 
medicine program will vary between species and facilities but 
will include daily behavioral assessments, routine wellness 
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checks, nutritional assessments, social and environmental 
evaluations, vaccination, and parasite prophylaxis. 


Wellness Checks 


The frequency and elements that make up the routine health 
and wellness checks will depend on the species, specific 
health concerns, degree of conditioning, age group, and facil- 
ity, not on convenience or the nature of the exhibit in which 
the animal is located. All cetaceans should be conditioned 
so all elements of the wellness checks can be performed fre- 
quently and without restraint. 

The cetacean’s trainer or keeper is responsible for the 
daily assessment of the animals’ physical health and wellness, 
equivalent to the pet owner’s in a standard veterinary prac- 
tice. Additional wellness assessments are typically performed 
by the attending veterinarian on a weekly, monthly, quarterly, 
or annual basis (Table 40.2). 

The veterinarian assesses body condition, physical health, 
complete blood cell count and serum chemistry parameters, 
behavior and lifestyle factors related to both the subject 
animal and other animals in the habitat, and reproductive 
health. The veterinarian may perform diagnostic imaging and 
serology. While not impossible, it is uncommon to detect an 
emerging or subclinical illness during these routine wellness 
checks. The main value of routine assessments is the avail- 
ability of a sampling record during a time of health that can 
serve as a point of reference for assessments during periods 
of illness. Recommendations for health maintenance should 
not solely focus on management of medical conditions, but 
include behavioral management, daily exercise, play, and diet. 


Vaccinations 


At present, only one vaccine has been validated for use 
in cetaceans. Erysipelotbrix rhusiopathiae is the causative 


agent of erysipelas in various animals. Disease caused by 
Erysipelothbrix has been recognized and confirmed in sev- 
eral species of dolphins and whales, both in human care 
and in the wild (Young et al. 1997; Walsh et al. 2005). Two 
presentations of erysipelas have been reported in ceta- 
ceans. A cutaneous form, characterized by raised rhomboi- 
dal or diamond-shaped skin lesions, and a septicemic form. 
While the septicemic form can be treated successfully by 
the prompt administration of appropriate antibiotics, this 
condition often leads to death, since it is usually only pre- 
ceded by very brief Chours) nonspecific clinical signs such 
as decreased activity levels and appetite (Walsh et al. 2005). 
The bacteremia is consequently often only recognized 
on necropsy. The exact portal of entry of the bacteria is 
unknown, but cetaceans, like humans, are presumed to con- 
tract E. rhusiopathiae from the slime coat of their food fish 
(Brooke and Riley 1999; Finkelstein and Oren 2011). Because 
of the bacteria’s potential to cause death without obvious 
premonitory signs in dolphins, prevention of Erysipelothrix 
rbusiopathiae infection by vaccination has been of inter- 
est to marine mammal health professionals (Nollens et al. 
2005, 2007). Since no bottlenose dolphin-specific vaccine is 
available, the use of commercial swine erysipelas vaccines 
has been explored (Lacave et al. 2001; Nollens et al. 2005). 
The recombinant p64 surface protein of E. rhusiopathiae that 
is employed in a commercial erysipelas vaccine for swine 
(ER BAC Plus, Zoetis Inc.) is immunogenic to bottlenose dol- 
phins (Nollens et al. 2007a). A retrospective analysis after 
10 years of vaccinating dolphins using the ER BAC Plus vac- 
cine deemed the commercial pig bacterin effective in gener- 
ating humoral immunity against E. rhusiopathiae in dolphins 
(Lacave et al. 2013; Nollens et al. 2016). The risk of transient 
adverse reactions toward the vaccine did increase with num- 
ber of vaccines administered. The optimal intervaccination 
interval in animals that have received multiple vaccinations 
remains to be determined. 


Table 40.2 Suggested Assessments and Their Minimal Frequency of a Cetacean Preventative Medicine Program 


Orcinus Delphinapterus Globicephala 
Assessment orca leucas sp. 
Wellness D D D 
Weight WwW 2W 2W 
Blowhole cytology M M M 
Physical M M M 
examination 
CBC/chemistry M M M 
Urinalysis M - - 
Dental A - - 
radiographs 
Erysipelothrix A A A 
rhusiopathiae 
vaccination 


Tursiops Delphinus  Lagenorhynchus Cephalorhynchus 
spp. spp. spp. commersonii 
D D D D 
2W 2W 2W 2W 
M M M Q 
Q Q Q Q 
Q Q Q Q 
M = = = 
A A A A 


Note: 2W = every 2 weeks; A = annually; D = daily; M = monthly; Q = quarterly; W = weekly. All cetaceans should be conditioned so that 


all assessments can be performed without restraint. 
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Parasite Prophylaxis 


Cetaceans that are exclusively fed frozen—-thawed fish can be 
presumed to be free of parasites, as the freezing kills the 
intermediate tissue stages of the parasites. Parasite prophy- 
laxis is not warranted in these groups of cetaceans. However, 
internal parasite prevention and control programs should 
be implemented for cetaceans that have access to live fish. 
Similarly, wild-caught and nonreleasable rescued cetaceans 
have been known to harbor Crassicauda spp., Nasitrema 
spp., and Kayroikeus spp. for extended periods. Cetaceans 
are susceptible to protozoan, coccidian, nematode, trema- 
tode, and cestode infestations. For these animals, a sched- 
ule for routine monitoring of feces and routine deworming 
should be developed in accordance with local risks and the 
life stage of the animal. Fenbendazole (0 mg/kg PO SID for 
3 days), ivermectin (0.2 mg/kg PO once), praziquantel (2 mg/ 
kg PO once for cestodes, 10 mg/kg PO once for trematodes), 
and rotations of these anthelmintics are considered safe and 
effective in cetaceans. Cetaceans are sensitive to the central 
nervous system side effects of levamisole, and the use of this 
anthelmintic should be avoided. 


Physical Examination 


The physical examination of a cetacean includes history, and the 
examination of the animal and its environment. These are the 
same components as with any other animal. When a veterinary 
clinician hears that the whale or dolphin is not acting normally, 
the steps necessary to understand the problem are similar to 
most other animal species. 


History 


One of our most important diagnostic tools is obtaining 
a thorough case history. In a review of 80 human medi- 
cal cases, history was predictive of the diagnosis in 82.5% 
of cases (Hampton, Harrison, and Mitchell 1975). Clinicians 
need to adjust their thinking to accommodate a social animal 
that spends its entire life in water. A weak terrestrial animal 
will lie down, but this distinction is not as apparent in a ceta- 
cean, as its buoyancy allows it to maintain normal movement. 
Diarrhea leaves an easily recognized sign on land; in water, 
no sign is left. The same can be said for emesis, if no solids 
are found on the pool bottom. Hematuria in a land animal 
leaves a telltale stain; in water, the animal must be seen in the 
act of urinating. Direct observation of these events is often 
necessary to know they are occurring. 

Clinicians need to spend enough time observing to 
understand the implications of what is and is not seen. This 
means paying close attention to normal behavior and bodily 
processes like buoyancy, breathing, defecation and urination 
(appearance, timing, and frequency), posture, activity bud- 
get, and social engagement, among others. When collecting 


history on small whales and dolphins, the social aspect can- 
not be overlooked. A sick animal may try to isolate itself, 
although in a social species, it is not unusual for conspecifics 
to stay near an ill companion. A terrestrial herd animal butt- 
ing a companion may be seen as aggression. In a dolphin, 
this may be an attempt to aid or take advantage of a sick 
member of the pod. The quality of their interactions with 
trainers and pool mates can be just as important as their food 
intake when looking for clues to the beginning of a period 
of illness. 

When taking a history, each major body system needs 
to be considered. Use the history to guide you to involved 
systems and ask questions to elucidate the systems that need 
to be revealed. When questioning trainers regarding their 
observations, avoid yes/no answers and, rather, try to ask 
open-ended questions. As an example, if asked whether “an 
animal has diarrhea,” a “no” answer can mean it does not 
or the trainers did not see any. Here it would be better to 
ask the observer to describe the characteristics of the bowel 
movement. Where history and direct observation of events 
are lacking, it is often possible to ask the trainer or keeper 
to acquire some “prospective history,” by asking him or her 
to spend the necessary time (hours) observing the animal to 
begin to identify features of behavior and activity that are not 
normal. 


Visual Examination 


A visual examination of the patient from a distance and up 
close before any handling should be the next step. During the 
visual examination, the animal’s interaction with its conspe- 
cifics and its environment, and the animal’s general appear- 
ance, swimming patterns, buoyancy, body posture, skin, and 
eyes, are evaluated. It is common for visual examination to 
reveal as much as, or more than, the hands-on examination. 

It is the task of the cetacean clinician to sort out the sub- 
tleties of social behavior. A dolphin that does not have a posi- 
tive social environment is likely to become a sick dolphin. 
There is evidence in humans and other social species that 
an individual’s social environment is a primary determinant 
of long-term health (House, Landis, and Umberson 1988). To 
assess social behavior, it is important for the veterinarian to 
be familiar with the normal behavior of the group in ques- 
tion or at least identify (among keepers or trainers) a reliable 
observer familiar with the group’s behavior. It can be benefi- 
cial to make observations when the animals are unaware of 
any trainers or veterinarians in the area. A cetacean’s social 
behavior or interaction with conspecifics provides a useful 
insight into its sense of well-being. A social animal that is 
isolating itself is most likely not feeling well. Occasionally, 
other cetaceans will become very attentive to a pod member 
that is not feeling well, and as a result, the animal that has 
ceased eating may not be the sick one. If a dolphin or whale 
is being harassed by others, it deserves a second look, since 
it may be ill. A weak female may be chased by males as if she 
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were sexually receptive. This probably occurs because of the 
female’s decreased resistance to male advances. 

Humans are a part of the social environment of captive 
dolphins. A change in the quality of interaction between 
trainer and dolphin is a potential early indicator of deteriorat- 
ing health. A dolphin may actively avoid its trainer by stay- 
ing as far away as it can, either because it is sick or because 
something is wrong with the environment or their relation- 
ship. Clues to the causes of such need to be examined. 

Blepharoptosis, activity level, and alertness can serve 
as parameters for general appearance. Drooping upper eye- 
lids can indicate feeling unwell, having very little interest in 
surroundings, sensitivity to light, or ocular pain. Most ani- 
mals that are ill prefer to rest and are not inherently active. 
Although they may swim along with pool mates, the instinc- 
tive efforts of a weak animal to keep up with the pod are 
usually easy to distinguish from normal swimming behavior. 
If a cetacean is alert and responsive to its surroundings, it is 
most likely not feeling ill. However, diseases like nocardiosis, 
mycobacteriosis, or neoplasia can produce clinical laboratory 
indications of disease before the animal feels ill. 

Buoyancy (i.e., floating higher or lower than normal, and/ 
or listing) is a feature of physiology that is not examined in 
terrestrial animals. Buoyancy is best evaluated at rest dur- 
ing the normal inspiratory breath hold. A decrease in rest- 
ing buoyancy is the result of diminished lung capacity. A 
space-occupying mass or fluid accumulation in or around the 
lungs is the probable cause of this alteration. Increased buoy- 
ancy usually results from abnormal gas accumulation in the 
gastrointestinal tract, abdomen, or thorax. A dolphin with a 
pneumothorax will appear much like a cork as it bobs on 
the surface and displays difficulty diving or difficult staying 
submerged. Increased buoyancy can also be observed as a 
result of pain, which is relieved by inhibiting the abdominal 
and thoracic pressure that occurs normally during the inspira- 
tory breath hold. Therefore, pneumonia can have a positive 
or negative effect on buoyancy; observed changes in buoy- 
ancy do not lead to automatic diagnosis, but present differ- 
ential possibilities. The clinician must be aware that a normal 
cetacean can decrease its buoyancy without expelling air by 
compressing its chest and abdomen, thereby decreasing its 
displacement. So the fact that the animal takes a deep breath 
and sinks to the bottom is not necessarily the result of a 
decrease in resting buoyancy. Individuals may choose to rest 
on the bottom of the pool for long intervals between breaths 
under normal conditions. A near-catatonic sinking to the bot- 
tom of the pool may indicate estrous in female Tursiops spp. 

If listing is observed at rest, it is usually caused by a uni- 
lateral alteration in buoyancy, a postural aberration, estrous 
behavior, or a willful behavior. It is best to begin evaluating 
a listing animal by looking for any postural contributions. If 
the animal curves to one side, it may be inducing a list or 
compensating for one, depending on whether the curve is 
toward or away from the least buoyant side. Watching a listing 
dolphin swim at rest should reveal whether it has a righting 


defect. Even a dramatic unilateral buoyancy aberration can 
disappear when the animal is swimming, only to reappear 
when forward motion ceases. Normal newborn or early 
postpartum calves will often list at the surface if temporarily 
abandoned by the mother. Listing is common when dolphins 
are looking up, as occurs in a lowered pool, because rolling 
to one side makes viewing the activities above much easier. 
Cetaceans with unilateral impairment of vision may consis- 
tently roll to one side to make viewing activities around the 
pool easier. The causes of listing are usually differentiated by 
visual examination and history, with confirmation provided 
by ultrasonography, centesis, and/or radiography. 


Hands-on Examination 


The usual next steps, hands-on physical examination, phle- 
botomy, and other clinical sample collection, are generally 
performed together because they require direct contact with 
the animal. The value of hands-on examination is limited 
by cetacean anatomy, but it is still a viable source of infor- 
mation. Even auscultation has significant limitations; it is 
problematic due to the thick blubber layer, the rapid expiratory— 
inspiratory cycle, and loud transmitted sounds that can oblit- 
erate subtle rales. In spite of these limitations, auscultation is 
an occasionally useful tool for evaluation of the thorax, heart, 
and abdomen. Palpation may reveal sensitivity to touch and 
heat signatures associated with bruising or inflammation, or 
muscle tone. 


Urinalysis Male and female dolphins can be catheterized for 
urine collection, although many cetaceans have been trained 
to provide these samples on request. In bottlenose dolphins, 
a 5-French (1.67 mm) catheter is suitable for males, while 
an 8-French (2.7 mm) works well for females. While normal 
ranges may differ, the interpretation of urinalysis in a ceta- 
cean is not different from that of other mammals. Urine from 
mature male dolphins will invariably contain spermatozoa. 


Stool Analysis A stool sample can be collected using a 
16-French Levin-type stomach tube (Professional Medical 
Products Inc., Greenwood, South Carolina) or equivalent 
open-ended tube with side ports. The tube is inserted into 
the rectum and advanced into the descending colon, where 
the sample is allowed to flow passively into the tube, after 
which the tube is clamped off before withdrawal. The tube 
should contain enough stool for cytology and culture. If the 
procedure is unsuccessful, a small volume of saline flush can 
be used. Do not apply suction as there is a high likelihood it 
will cause some bleeding. Samples collected with swabs are 
also likely to contain blood contamination. 

Fecal occult blood tests will always be positive if done 
on stool from cetaceans fed a whole fish diet. If the patient is 
fed a diet consisting entirely of washed fish filets for 2-3 days, 
normal stool will convert to occult blood negative. This is 
a useful technique when there is an interest in determining 


Cetacean Medicine 893 


if the patient is experiencing gastrointestinal bleeding that is 
not visible by endoscopy. Always use a clinically healthy ani- 
mal as a control for this procedure. 


Milk Analysis Milk samples are readily aspirated from the 
mammary glands of lactating females, with the assistance of 
external massage. A 60 ml catheter tip syringe with a short 
length of tubing attached to either an appropriately sized fun- 
nel or the tip of a second syringe provides the pieces neces- 
sary to make a dolphin milk sample collecting device. If a 
calf has recently nursed, it can be very difficult to obtain a 
useful sample. Clinically normal cetacean milk can contain 
white blood cells. 


Upper Respiratory Tract Evaluation With adequate light, 
it is possible to visualize the nasal septum and passages. The 
view is usually fleeting because of the rapid respirations com- 
mon to cetaceans. Video or digital photography through the 
open blowhole can provide a better look than is achievable 
with the naked eye. It will also yield documentation, which is 
useful for examining changes in a known condition. Grossly, 
the clinician should check for plaques that may be fungal 
in origin (see Chapter 19). Culture and cytology specimens 
can be collected directly by swabbing affected tissue, or indi- 
rectly by exposing an agar plate to exhaled breath. Cultures, 
especially those of exhalate, should always be evaluated in 
light of the cytologic findings. There should also be an effort 
to minimize seawater contamination of the blow plate. These 
samples may be useful for evaluating a condition affecting 
the upper respiratory passages, but should not be expected 
to provide accurate information about lower respiratory dis- 
ease. Bronchoscopy and bronchoalveolar lavage are the most 
appropriate procedures for determining etiologic agents in 
lower respiratory tract disease. Both processes are performed 
with minimal difficulty on cetaceans (Harrell et al. 1996; 
Hawkins et al. 1996; Reidarson, McBain, and Harrell 1996). 


Ultrasonography and Radiography Portable ultrasonog- 
raphy and radiography equipment are fundamental tools for 
the cetacean clinician. Virtually all organ systems can at least 
in part be imaged using ultrasonography, and radiography 
can help identify gastric foreign bodies; dental, mandibu- 
lar, and maxillary fractures; and lung opacities. A thorough 
review of ultrasonography, radiography, and advanced imag- 
ing is presented in Chapter 24. 


Body Weight Trends in body weight provide an important 
background for interpreting clinical signs, such as anorexia 
and decreased appetite. A cetacean habitat needs to be 
equipped with a slide-out scale, so the weighing of dolphins 
and whales can be trained as a routine husbandry procedure 
(see Chapter 39). It is difficult, even for experienced individ- 
uals, to detect weight loss in cetaceans without actual mea- 
surements. By the time weight loss is noticed on the basis of 
physical appearance, it is often excessive. Changes in axillary 


girth have been used for detecting changes in body weight, 
but these measurements are less accurate than body weights 
obtained via weighing on a scale. 


Hematology and Serum Chemistry 


Clinical laboratory test results are frequently the most infor- 
mative part of a physical examination. Historic data accu- 
mulated during routine examinations are very useful when 
trying to interpret laboratory test results from an animal with 
a suspected illness. In fact, it is uncommon to detect an ill- 
ness during routine blood draws. The main value of routine 
assessments is that a sampling during a time of health repre- 
sents a point of reference for assessments during periods of 
illness. 

The decision to proceed with clinical laboratory evalua- 
tion should be an easy one but often is complicated by the 
lack of access to an uncooperative patient or other difficulties. 
The ability to collect a blood sample from a captive cetacean, 
whenever needed, is essential. A dolphin trained to pres- 
ent its flukes voluntarily for blood sampling may be unwill- 
ing when it is feeling ill. Contingency plans, such as having 
a medical pool with a lifting floor that is useable anytime, 
including during guest hours, should be in place for these 
events. Blood sample collection must be followed by timely 
analysis. Broadly speaking, the interpretation of the hematol- 
ogy and serum chemistry results of a cetacean is similar to 
that of domestic mammals. The analytes that have proven to 
be most helpful as corroborative indicators of inflammatory 
disease are reticulocyte count, white blood cell count, differ- 
ential count, erythrocyte sedimentation rate, plasma fibrino- 
gen, serum albumin, serum globulin, alkaline phosphatase, 
and serum iron (McBain 1996; see Appendix 1). Ideally, 
these analytes can be run instantaneously in an on-site lab. 


Plasma Fibrinogen 


Plasma fibrinogen is currently the most reliable indicator of 
inflammatory disease in cetaceans, as long as the photo-optical 
test is used. The heat precipitation test for fibrinogen is prone 
to inaccuracy and has limited utility. Plasma fibrinogen is use- 
ful for early detection of inflammation and for determining 
when inflammation is under control. Elevations of as little as 
20% above the animal’s high normal levels are important, but 
they will usually be elevated 50% or more with significant 
inflammation. 


Erythrocyte Sedimentation Rate 


Elevations in erythrocyte sedimentation rate (ESR) are a tra- 
ditional marker for detecting the presence and severity of 
inflammation. The ESR is easily run without expensive equip- 
ment, which is the primary reason for its continued use. It is 
also a useful tool for corroborating an elevated fibrinogen. 
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The test is prone to fluctuations, which accounts for the fact 
that it has lost favor in most other species. Most clinicians 
in cetacean medicine continue to use the ESR because of its 
historical familiarity. 


Serum Iron 


Serum iron decreases acutely in animals experiencing bacte- 
rial infection, presumably as a result of cytokine production 
by inflammatory cells. This response is dramatic in cetaceans. 
It can plummet to levels 20% of normal, or less, in a matter 
of 24 hours. As a result, iron can be an excellent indicator of 
infection, but the test will not necessarily be a good indicator 
of the severity of the problem. Ferritin may be an alternate 
indicator (Loos et al. 2017). Serum iron level is at times the 
first analyte to start normalizing, when appropriate treatment 
has been initiated. However, iron will fluctuate during the 
course of treatment, so it appears to be less reliable than 
fibrinogen for evaluating therapeutic progress. It is important 
to understand that this decrease in iron is protective for the 
host. The animal’s body is sequestering iron in the liver in a 
form that is not available to pathogenic bacteria that can read- 
ily utilize transferrin-bound iron in the serum (Lowenstine 
and Munson 1999). Iron supplementation is therefore not indi- 
cated. Hepatocellular damage is often associated with higher- 
than-normal serum iron levels. 


Reticulocyte Counts 


Most clinicians do not routinely request reticulocyte counts, 
as they are not traditionally thought of as an indicator of 
inflammatory disease. Reticulocyte counts in cetaceans, 
however, are often low when the animal is experiencing a 
chronic low-grade infection, resulting in decreased serum 
hemoglobin levels (anemia of chronic disease). In the bulk 
of cetacean cases, chronic low hemoglobin is due to either a 
slow chronic blood loss or decreased red cell regeneration. 
The reticulocyte count will usually provide the information 
needed to differentiate blood loss from decreased regen- 
eration. Reticulocyte counts derived from routine blood 
samples from the same animal during times of health are 
the best source of comparative data. This test is prone to 
variation between labs, so the test should be run by the 
same lab or at the very least using the same methodology 
for consistency. 

Chronic low-grade pneumonia is not rare in cetaceans. 
The pneumonia is often only clinically apparent because of 
slight elevation of inflammatory parameters and the pres- 
ence of a low-grade nonregenerative anemia. Many ceta- 
ceans have been treated for gastric ulcers because serum 
hemoglobin was low with no other parameters significantly 
out of normal ranges. This has led to the common miscon- 
ception that many captive dolphins have gastric ulcers. The 
reticulocyte count will usually aid in differentiating these 
two etiologies. 


Serum Albumin 


Serum albumin levels regularly decrease below normal in the 
presence of bacterial infection. The decrease can occur rap- 
idly over a period of a few days. Serum albumin is not the 
first test to consult for evidence of infection, but it is good for 
confirming the results of other tests. As in domestic mam- 
mals, numerous other potential causes of a drop in serum 
albumin exist. Hereditary bisalbuminemia has been reported 
in two groups of related bottlenose dolphins (Tursiops trun- 
catus) identified by means of capillary zone electrophoresis 
(Gili et al. 2016). 


Alkaline Phosphatase 


Decreasing alkaline phosphatase is a reliable indicator of 
inflammation. Alkaline phosphatase levels in cetaceans are 
usually much higher than would be expected based on ter- 
restrial species. Alkaline phosphatase is elevated in growing 
cetaceans and normally declines with age and with a decrease 
in food intake. Even though alkaline phosphatase drops dra- 
matically during illness, it is important to remember that it 
is affected by many other things (Dover, McBain, and Little 
1993; Fothergill et al. 1991). Alkaline phosphatase has also 
been considered a reliable prognostic indicator. Clinicians 
historically considered an alkaline phosphatase of less than 
50 U/L in a killer whale to be indicative of very serious dis- 
ease, and values less than 25 U/L to be equivalent to a death 
sentence. 


Total White Blood Cell Count 


As in domestic mammals, total white blood cell count is 
understood by most veterinarians to be a reliable indicator of 
inflammatory response. The cetacean clinician needs to be 
aware that life-threatening, chronic, low-grade pneumonia in 
cetaceans is frequently associated with an unremarkable total 
white blood cell count. 


Differential Blood Cell Count 


The differential count is the means by which most veteri- 
narians evaluate the nature and significance of a change in 
the white blood cell count. Differential counts in cetaceans 
are interpreted in much the same way they are in terrestrial 
animals. However, cetacean neutrophils mature and seg- 
ment much faster than those of terrestrial mammals. If the 
terrestrial mammalian definitions of banded and segmented 
neutrophils are employed, the band count of a cetacean will 
often be zero, even in the presence of inflammation and 
active neutrophil recruitment. The authors recommend that 
a segmented neutrophil is more conservatively defined as a 
neutrophil that has at least two of its lobes separated by a 
filament of nuclear material. A filament has length but no 
breadth as one focuses up and down. A band neutrophil has 
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either a strand of nuclear material thicker than a filament con- 
necting the lobes or a U-shaped nucleus of uniform thickness. 

Both total white cell and differential counts may fluctuate 
unpredictably over a very short interval of time in cetaceans. 
Two blood samples taken from the same fluke vein less than 
30 seconds apart may have different total white cell and dif- 
ferential counts. These variations are large enough to affect 
interpretation. The clinician must look to other clinical data 
to corroborate findings and to support diagnostic conclusions 
(McBain 1996). 


Serum Transaminases 


Elevations of serum transaminases, especially ALT, are indica- 
tive of hepatocellular leakage or damage (Venn-Watson et al. 
2008a). While acute liver disease often presents with a spike 
in liver enzymes, chronic liver disease may involve elevations 
in liver enzymes that wax and wane and progress in sever- 
ity over time. Additional blood-based indices that may help 
confirm liver disease as the cause for elevated transaminases 
include GGT, alkaline phosphatase, LDH isoenzymes, ferritin, 
iron, triglycerides, cholesterol, and bile acid levels. 


Intervention 


It is unpleasant to think behavioral change in a cetacean is 
due to illness, because medical interventions very quickly 
present escalating logistical challenges. Adhering to the fol- 
lowing principles should help avoid common traps that pres- 
ent themselves in the practice of cetacean medicine: if you 
think there is a problem, deal with it; if you know there is a 
problem, it may be too late—the best day to begin the search 
for answers is today; and finally, if there is clinical evidence 
that a cetacean has an illness, assume it is serious. 


Medications 


The medications used to treat a cetacean are generally 
equivalent to the medications used in domestic animal or 
human medicine. The guiding principles for starting, select- 
ing, changing, and discontinuing medications are the same 
as those in domestic animal medicine. There are no medica- 
tions for exclusive use in cetaceans. Most, but not all, medi- 
cations available for humans and domestic animals can be 
administered to cetaceans. The cetacean clinician should be 
familiar with those medications that have caused fatal adverse 
reactions in cetaceans. Medications to be avoided include, 
but are not limited to, sulfamethoxazole, phenothiazines, 
haloperidol, and levamisole (Lavergne et al. 2006). A list of 
medications that are more commonly used by the authors 
and dosages that yielded safe, but therapeutic, serum levels, is 
found in Chapter 27. Of the listed medications, amoxicillin, 
with or without clavulanic acid, is often the empiric first-line 


antibiotic of choice because of cetaceans’ susceptibility to the 
often fatal, peracute form of erysipelas. 


Routes of Administration 


The oral route is preferred for the administration of pharma- 
ceuticals to cetaceans. Feeding medication hidden in fish is 
the simplest and most common approach used for per os (PO) 
administration. Conditioning the cetacean to take medications 
without food as a husbandry behavior can be useful for the 
administration of some therapeutics, such as gastric protec- 
tants. If anorexic, a stomach tube becomes the best means for 
administering oral medication including fluids. Many medica- 
tions require the enteric coating to pass the acidic stomach 
and be absorbed in the small intestine, and therefore should 
generally be loaded in the food fish immediately prior to 
administering. A pectoral fin can be torn from the medicated 
fish to help its identification in the food bucket. The authors 
further recommend that when a cetacean is receiving oral 
medication with a narrow safety margin in the presence of 
a smaller companion animal, the total medication dose be 
distributed across two or more medicated fish. As such, the 
smaller companion animal is not put at risk when it acciden- 
tally consumes a medicated fish intended for the larger ani- 
mal. It is also important to be aware that small cetaceans can 
have very rapid gastrointestinal transit times. Oral delayed 
or slow-absorption tablets have been noted in the feces of 
Commerson’s dolphins (Cephalorhynchus commersonti) and 
bottlenose dolphins. The liquid transit time can be as short 
as 1 and 2 hours in Commerson’s and bottlenose dolphins, 
respectively. 

Intramuscular (IM) injection requires a longer needle than 
might normally be considered necessary, due to the thickness 
of cetacean skin and blubber. The injections are made off the 
midline, slightly anterior to or parallel to the dorsal fin. It is 
the authors’ rule to limit IM injection volume to a maximum 
of 20 ml per site. This arises from the concern that larger 
volumes have led to apparent ischemic necrosis at the site 
of the injection. Exercise care to avoid the thoracic cavity, if 
injecting in the dorsal musculature anterior to the dorsal fin. 
If the animal is wiggling or thrashing, the injection should be 
stopped and the needle withdrawn, as there is a real potential 
for the needle to be sheared off by the heavy fascial planes 
and muscle sheaths. 

In cetaceans, the administration of long-term intrave- 
nous therapy is an option that is rarely used or considered. 
Intravenous (IV) injection of medication can be accomplished 
via a fluke vessel if the volume is low and the medication is 
not harmful if delivered perivascularly. If slow infusion or 
repeated administration of IV pharmaceuticals is necessary, 
an indwelling catheter may be required. An indwelling cath- 
eter is most easily placed in the lateral peduncle vein, but 
the maintenance of indwelling catheters is at best difficult in 
an animal that wants to be swimming. To accomplish long- 
term infusion, the animal must be confined to a very small 
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pool or box such as a transport container. Neither of these 
options is well received by most cetaceans. A better option if 
IV therapy is required is to try to accomplish the needed infu- 
sions with short periods of confinement, allowing the animal 
to swim between treatments. This requires either leaving the 
catheter in place, in the hope that it will remain, or replacing 
it for each treatment. Both of these methods have been used 
with limited success (Van Bonn et al. 1996; Stetter et al. 1997; 
Robeck and Dalton 2000). 

Topical treatment is often applied for corneal lesions, 
although there is a concern that ophthalmic drops wash 
away very rapidly, do not penetrate the tear plug, and do 
not reach the corneal epithelium. Admixing ophthalmic drops 
with mucolytic 20% acetylcysteine to a final concentration of 
5% acetylcysteine allows fluorescein stain and medications to 
rapidly penetrate the full thickness of the tear plug. The pH 
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Figure 40.1 The total available daily fluid volume (in mL/kg body weight 
per day) from food fish for bottlenose dolphins, calculated based on the 
nutrient analysis of 1 month’s worth of consumed fish, indicates that 
bottlenose dolphins consume an average of 47 mL/kg of water per day. 
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of the mixture needs to be checked before its use. Cetaceans 
have very strong palpebral muscles that do not relax under 
mild sedation. As such, the authors have only been able to 
accomplish subconjunctival injections under general anes- 
thesia. The palpebral conjunctiva is highly vascularized, and 
such injections can cause profuse hemorrhaging. 


Fluid Therapy 


Marine cetaceans almost exclusively obtain water from their 
food fish and as a metabolic by-product of fat, protein, and 
carbohydrate metabolism, although they may also drink small 
amounts of seawater (Telfer, Cornell, and Prescott 1970). The 
total available daily fluid volume from the food fish for bottle- 
nose dolphins, calculated based on the nutrient analysis of 
1 month’s worth of consumed fish and excluding metabolic 
water, indicated that bottlenose dolphins consume an average 
of 47 mL/kg of water per day (Figure 40.1). 

Larger cetaceans have comparatively less, and smaller 
cetaceans have comparatively more, oral fluid volume avail- 
able to them (Figure 40.2). 

It is important to note that we do not know how much 
of this available fluid is absorbed; these calculations are the 
total available fluid and may not reflect the daily fluid require- 
ments. However, these calculations may be useful as a starting 
point for calculating fluid volumes for ill cetaceans requiring 
fluid supplementation. 

A normal cetacean with some surplus body fat can fast 
for some time with metabolic water and a little seawater as 
the total water supply. However, if a cetacean is sick, its fluid 
needs may outpace the available innate metabolic water 
supplies. The blood hemoglobin concentration of entirely 
anorexic cetaceans may increase by as much as 1 g/dL/day. 
If no fluid therapy is provided, these cetaceans may start 
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Figure 40.2 The total available daily fluid volume (in mL/kg body weight per day) from food fish for five species of cetaceans (Cephalorhynchus 
commersonii, Tursiops truncatus, Globicephala macrorhynchus, Delphinapterus leucas, and Orcinus orca), calculated based on the nutrient analysis 
of 1 month’s worth of consumed fish. The total available daily fluid volume, and presumably the daily minimum fluid requirement, decreases with size. 
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consuming excessive amounts of seawater, leading to sodium 
toxicity and death. Other markers of dehydration are packed 
cell volume, total protein, BUN-to-creatinine ratio, and serum 
sodium and chloride levels. Unfortunately, skin tenting or 
volume of tear production cannot be utilized as a physical 
indicator of cetacean hydration status. The capillary refill time 
(CRT) test performed in the back of the throat has been sug- 
gested and is utilized by some clinicians as an index of intra- 
vascular volume (Butterworth, Kestin, and McBain 2004). 

Dehydrated cetaceans usually respond very well to oral 
fluids, and the administration of fluids via the oral route using 
a foal or large animal stomach tube is preferred. Tubing vol- 
umes of 2 and 4 L are well tolerated by bottlenose dolphins 
and beluga whales, respectively. Some individuals may only 
tolerate half that volume if they are anxious or ill. Tap water is 
used by some, but the authors recommend using a commer- 
cial oral electrolyte solution. If vomiting of oral fluids occurs, 
the subcutaneous route can be used effectively. The virtual 
subcutaneous space at the interface between the blubber 
layer and the skeletal muscle layer, especially the area over- 
laying the lateral thorax immediately caudal to the scapula, 
can receive fluid amounts equivalent to the subcutaneous 
space in many terrestrial animals. To administer subcutane- 
ous fluids to a cetacean, use fluid bags with a standard IV 
infusion setup. Advance the needle through the blubber with 
the fluids under pressure and the tubing clamp released. The 
fluids will begin to flow freely when the needle enters the 
subcutaneous space. Most cetacean practitioners use pressure 
cuffs to speed the flow, once the needle is in the proper loca- 
tion. In a bottlenose dolphin, 1-2 L of fluids can be infused 
per injection site. IV fluid therapy beyond the administra- 
tion of IV boluses is generally not an option, because of the 
abovementioned challenges in maintaining indwelling cath- 
eters. However, fluids have been bolused at a shock volume 
of 10 mL/kg, without adverse effects, in a limited number of 
patients. 


Managing Inappetence 


Healthy cetaceans rely predominantly on food fish for hydra- 
tion. An inappetent cetacean may need to be handled two or 
three times daily to administer medications and meet daily 
fluid requirements. Repeated handling will often be counter- 
productive in getting the cetacean patient to take food fish 
voluntarily. Where the use of steroids is now usually frowned 
upon in domestic animal medicine, steroidal drugs like pred- 
nisone and dexamethasone are the most effective and pos- 
sibly only true appetite stimulants in cetaceans through a 
mechanism of iatrogenic insulin resistance (Reidarson and 
McBain 1999). Dexamethasone and prednisone doses of 
0.07 mg/kg (once daily) and 0.15 mg/kg (twice daily), respec- 
tively, administered either PO or IM, are good starting doses 
that will indicate whether this approach to appetite stimu- 
lation will work on the patient. Clinicians may start these 
appetite stimulants at these initial doses, but the dose should 


be tapered within just a couple of days to the lowest effective 
dose. Dexamethasone and prednisone have the real potential 
to mask severe or worsening clinical signs, so the authors 
want to caution that steroids should be used very judiciously 
and only where voluntary food intake is essential to a positive 
treatment outcome. Steroids should not be administered prior 
to getting a full set of diagnostics, including blood samples. 
Regular patient monitoring should continue, even when clini- 
cal signs appear to resolve. Both the duration of treatment 
and dosage should be kept to a necessary minimum; ste- 
roid therapy is best tapered down much more gradually than 
in domestic animals, at a minimum in cetaceans using five 
or more tapering stages. Diazepam is not an effective direct 
appetite stimulant in cetaceans. The sensitivity of cetaceans 
to the sedative effect of diazepam is similar to humans and 
lower than the sensitivity of domestic dogs and cats; thus, 
doses required to stimulate appetite in dogs and cats are not 
suitable for cetaceans. However, the administration of anxi- 
olytic doses of diazepam (0.1 mg/kg, twice to three times 
daily) may be appropriate, and in the patient’s best interest, 
for confirming anxiety rather than illness as the cause of inap- 
petence, for maintaining appetite during periods of transition 
(e.g., social change), or for alleviating anxiety during repeated 
handling when treating an illness. 


Managing Weight Loss 


Cetaceans live in a medium that wicks away body heat at a 
rate much faster than experienced by land mammals. Water 
conducts heat roughly 25 times more efficiently than air. As 
a result, a cetacean with prolonged decreased appetite can 
rapidly lose weight due to a combination of fluid loss and 
a negative caloric balance. An ill cetacean with a negative 
body weight trend will be slow to respond to treatment, 
so it is an important treatment objective to halt the weight 
loss in these patients. Once the weight loss has been halted, 
a spontaneous weight gain will usually follow. Appetite 
stimulants are not the only tool for countering weight loss. 
Dolphins normally adapt to changes in water temperature 
by adjusting the thickness of their blubber layer (Yeates and 
Houser 2008). The ambient pool temperature for a cetacean 
with an inadequate blubber layer can gradually be raised 
to well above the usual thermal comfort zone to counter 
body heat dissipation, and lower the caloric needs. Patients 
can be tube-fed whole fish blended in oral electrolyte solu- 
tion; and mostly thawed, semirigid, larger food fish can be 
used to force-feed or assist-feed a patient. It is difficult at 
best to meet the caloric requirements of an ill cetacean via 
tube or assist feeding alone. It is feasible, however, even in 
adult dolphins, to maintain weight and even support weight 
gain by tube feeding with a cetacean neonatal milk replacer 
formula (see Chapter 30). The prognostic implications and 
the difficulties managing weight loss highlight the need for 
collecting regular body weights, even if this requires han- 
dling, stretchering, and craning. 
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Immediate Care of Stranded Cetaceans 


The processes of beaching and no longer being neutrally 
buoyant trigger several progressing physiological changes. 
Some indicators may serve as prognostic indicators and deci- 
sion keys, including blood work parameters (i.e., Kt higher 
than 5-6, alkaline phosphatase lower than 30, Nat higher 
than 180), major injuries to the head, high respiratory rate 
(every 3-4 seconds), open thoracic or abdominal wounds, 
etc., paired with evaluation of baseline indexes of sensibility 
(Butterworth, Kestin, and McBain 2004). Once the decision to 
rehabilitate has been made, every effort must be made to get 
that stranded cetacean to the rehabilitation center as rapidly 
as possible. Minimizing the time from stranding to being low- 
ered in the rehabilitation pool should be the first responders’ 
priority, since it keeps anxiety, exertion, secondary trauma, 
and the effects of gravity on the cetacean’s perfusion and 
ventilation to a minimum. 

A stranded cetacean can be assumed to be dehydrated 
and will benefit from tubing a small volume of a commercial 
oral electrolyte solution during initial handling. If the animal 
is a dependent calf or if it is in poor body condition, an oral 
electrolyte solution admixed with up to 50% dextrose can 
be used. Hypoglycemia often accompanies hypothermia. If 
a cetacean is hypothermic, weak, and rapidly declining, the 
probability of hypoglycemia is high. 

Time and resources permitting, blood can be collected 
for analysis on a point-of-care glucometer or iStat. Glucose 
levels, hematocrit, pH, lactate, and sodium levels will help 
guide the initial care after arrival at the rehabilitation center. If 
IV access can be maintained, a larger sample of blood can be 
collected for complete blood cell count, serum chemistry, and 
blood culture, and fluids Cactated Ringer’s solution or 0.9% 
NaCl) can be bolused at a rate of 10 ml/kg while in transport. 
Unless severely depressed, diazepam can be administered 
(0.1-0.15 mg/kg, IV or IM), both to relieve some of anxiety 
associated with the stranding event and to provide muscle 
relaxation. 

Secondary to stranded related myopathy, stranded ceta- 
ceans often develop contracture of the epaxial and/or hyp- 
axial muscles at the level of the peduncle (Nollens et al. 2014). 
Continued oral diazepam administration (0.1-0.15 mg/kg PO, 
twice daily), combined with selenium, vitamin E, and an anti- 
inflammatory agent after arrival in the rehabilitation center, 
may further aid in preventing stranding myopathy. For patients 
that are unable to remain buoyant, the water in the rehabilita- 
tion pool can be lowered to a level that allows the animal to 
breathe while resting on the bottom, but also allows for the 
choice and control to move around the pool. Alternatively, 
such patients can be fitted with custom neoprene float jackets 
to provide buoyancy support and correct listing if necessary. 
Once a wild cetacean is in the grip of a human or a buoy- 
ancy device, it is not unusual for the animal to submit or give 
up. The clockwise and counterclockwise swimming direction 


while in a buoyancy device should be alternated and range- 
of-motion exercises implemented to further reduce the risk 
of stranding myopathy and subsequent scoliosis. Being sup- 
ported by humans should be the last choice of method for 
supporting a buoyancy-challenged wild cetacean, as it greatly 
increases the level of anxiety and its subsequent adverse 
effects on muscle relaxation and food intake. Shade should be 
provided and protective creams applied to the dorsal thorax 
and melon to avoid sunburn in floating debilitated animals. 


Surgery 


Until recently, the majority of surgery reports in cetaceans 
were limited to dentistry, wound management, abscess treat- 
ment, superficial biopsy, liver biopsy, endoscopic procedures, 
and mandibular and maxillary fracture repair. There are a 
couple of features regarding abscesses in cetaceans that are 
worthy of attention. Purulent infections deep to the blubber 
layer will tend to dissect along the muscle blubber interface 
rather than rupturing through to the surface. These infec- 
tions are often difficult to identify visually. Based on a small 
number of cases, abscesses in cetaceans dissect or migrate 
dorsally (rather than ventrally as in terrestrial species). The 
tendency to migrate contrary to land animal rules may be 
related to the water pressure gradient on the animal. In a nor- 
mal swimming posture, the water pressure on the ventrum of 
a cetacean will be greater than on its dorsal aspect. 

With the successful application of moderate to deep seda- 
tion (midazolam 0.08 mg/kg IM or 0.05 mg/kg IV) and gen- 
eral anesthesia (Schmitt et al. 2014; Bailey 2016), surgery is 
expected to become more readily employed for the diagnosis 
and management of ill cetaceans (Chapter 26). In particular, 
minimally invasive laparoscopic approaches seem to hold tre- 
mendous potential for advancing cetacean medicine. 


Pain Management 


Pain management is an important component of animal 
welfare. Robust advances in pain management research in 
companion animals have led to the revision of the pain man- 
agement guidelines for dogs and cats (Epstein et al. 2015). 
These advances in pain management are now spilling over 
into marine mammal medicine. Analgesics seem indicated 
where pain is affecting activity, appetite, or cooperation with 
husbandry behaviors. However, before administering an anal- 
gesic, the clinician should consider that analgesics have the 
significant potential to cover up signs of deterioration, which 
may further complicate coming to a diagnosis or assessing 
a patient already evolved to mask clinical signs. Both phar- 
macologic and nonpharmacologic modalities, such as cold 
laser, are now more routinely used in cetacean practice. It is 
becoming apparent that the pharmacodynamics of analgesic 
drugs are very different in cetaceans compared to domestic 
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animals. A pharmacokinetic study of the NSAID meloxicam 
in bottlenose dolphins showed that the general mammalian 
dose of 0.1 mg/kg yields a plasma level that is considered 
therapeutic in other species (Simeone et al. 2014). However, 
in cetaceans, drug elimination is very prolonged, and drug 
levels were detectable for up to 7 days. Opioids, such as tra- 
madol, can be used alone or in combination with an NSAID. 
In the authors’ experience, cetaceans are very sensitive to 
opioids, and opioid drug elimination may also be prolonged. 
A single dose of 0.22 mg/kg tramadol PO was empirically 
found to provide a good analgesic effect in a killer whale, and 
the sedative effect of a single dose of 0.05 mg/kg butorphanol 
delivered IM in a Commerson’s dolphin was reversible using 
naltrexone more than 7 hours after the drug’s administration. 


Respiratory Disease 


Due to the limited anatomy of the upper respiratory tract 
and the cetacean’s inspiratory vigor, pathogens are easily 
introduced into the lower respiratory tract, and, as a result, 
pneumonia is one of the most common causes of illness in 
cetaceans (Venn-Watson et al. 2012a). Chronic low-grade 
pneumonia is not uncommon in cetaceans and is often only 
clinically apparent because of elevations in some inflam- 
matory parameters. The working diagnosis for an illness of 
unknown origin in a cetacean can therefore be pneumonia 
until proven otherwise. Confirming pneumonia can be chal- 
lenging but has been successful using ultrasonography (Smith 
et al. 2012), radiography (Dalton, Mathey, and Hines 1990), 
bronchoscopy (Harrell et al. 1996, Hawkins et al. 1996), and 
CT imaging. Culturing the etiologic agent and determining 
in vitro antibiotic sensitivities is best attempted via bron- 
choalveolar lavage and aspirates of pleural effusion, if pres- 
ent. Cultures of blow swabs and exhalates and cultures that 
yield mixed bacterial isolates are overwhelmingly unreliable 
(Venn-Watson, Smith, and Jensen 2008b). Pneumonia is con- 
sequently most often treated using empiric oral broad-spectrum 
antibiotic combinations. The oral systemic therapy can be 
augmented using aminoglycoside or fluoroquinolone aero- 
sol therapy (Ballmann, Amyth, and Geller 2011; Claus et al. 
2014). Blood inflammatory parameters should be frequently 
monitored. In those cases where pneumonia appears refrac- 
tory to treatment, infections with Pseudomonas aeruginosa, 
nontuberculous mycobacteria, primary or opportunistic fun- 
gal infections, and respiratory nocardiosis need to be consid- 
ered (see Chapter 19). In these cases, a course of injectable 
amikacin therapy may be appropriate. Serology for select 
fungal agents on paired or a time series of serum samples 
can be useful for confirming a fungal presence (Reidarson, 
McBain, and Harrell 1996). The presence of Mycobacterium 
spp. and Nocardia spp. can at times be confirmed via PCR on 
bronchoalveolar lavage or exhaled phlegm. Mycobacterium 
spp. infections require multimodal drug treatments specific to 


each species and even isolates. Nocardiosis can be managed 
using the bacterial folate inhibitor trimethoprim—sulfadiazine. 
Fungal coinfections are common (Nollens et al. 2007b; Venn- 
Watson, Smith, and Jensen 2008b), in some cases due to 
increased susceptibility after prolonged antibiotic therapy. 
The clinician should therefore contemplate starting azole 
therapy in any cetacean with suspected pneumonia. 


Gastrointestinal Disease 


Gastrointestinal disease is likely underdiagnosed, since evi- 
dence like emesis or defecations can disappear in seconds in 
an aquatic environment and will be missed without routine, 
focused direct observation. In dolphins, the normal postpran- 
dial gastric pH of 1.5 will rapidly demineralize fish bones, 
and the appearance of a fish skeleton on the pool bottom will 
usually only have occurred as a result of emesis. The pres- 
ence of gastrointestinal disease can be confirmed via gastric 
fluid cytology, gastroscopy, and fecal cytology. 

Gastritis with or without the presence of a gastric foreign 
body may progress to ulcerative gastritis. Emesis of a buoy- 
ant and nonsharp foreign body can be attempted via deposit- 
ing 1 L of hydrogen peroxide (H,O,) directly in the stomach. 
In most cases, endoscopic removal of foreign bodies, buoy- 
ant or otherwise, using an assortment of endoscopic retrieval 
devices (ASGE Technology Committee 2009) is more reliable. 
H, blockers and proton pump inhibitors are the mainstay of 
treating ulcerative gastritis, although the resulting increases in 
gastric pH may interfere with demineralization of fish bones. If 
the pH is too high, bones will not demineralize and will begin 
to accumulate in the stomach until they produce gastric upset 
and vomiting. This warrants monitoring the feces of a ceta- 
cean on H, blockers or proton pump inhibitors for the pres- 
ence of undigested bone spicules. In the authors’ experience, 
in cetaceans, sucralfate suspensions preferentially bind fish 
skin over gastric mucosa, and it may be administered using an 
orogastric tube or in the mantle of a squid, and, preferably, at 
some time prior to the first meal of the day. The progression 
of gastritis can be monitored using fasted gastric fluid sam- 
ples (preferably collected under operant conditioning) or via 
repeated gastroscopy, so the duration of treatment is kept to 
the necessary minimum. Blood inflammatory parameters and 
markers of red blood cell loss should be closely monitored. 

Lower gastrointestinal disease may trigger few changes 
in a traditional blood panel. Confirmation of diagnosis is 
based on abnormal fecal cytology results; the measurement 
of serum folate and cobalamin levels appears to hold diag- 
nostic potential as well (Tang et al. 2015). Like in other mam- 
mals, lower gastrointestinal disease can be managed using a 
combined approach of a broad-spectrum antibacterial, such 
as a fluoroquinolone, increased oral hydration to make up 
for fluid loss, and temporarily lowering the total daily food 
intake. Based on a limited number of cases, administration of 


900 Cetacean Medicine 


the smooth muscle spasmolytic, butylscopolamine may pro- 
vide some relief of abdominal discomfort. Similarly, simethi- 
cone may provide relief by decreasing the surface tension of 
gas bubbles, thereby dispersing and preventing gas pockets 
in the gastrointestinal tract. The presence of yeast organisms 
on fecal cytology and Gram stain indicates yeast overgrowth 
and warrants administering nystatin. The presence of large 
Gram-positive rods warrants a course of oral metronidazole 
or clindamycin. Metronidazole can occasionally cause gas- 
tric upset as demonstrated by a decreased appetite. In these 
cases, the total daily dose can be administered as part of the 
last meal at the end of the day. Metronidazole therapy should 
not be long term, based on clinicians’ reports of potential 
CNS side effects after 2 weeks of treatment. 


Ocular Disease 


Blepharoptosis and blepharospasm can be nonspecific symp- 
toms of generally feeling unwell or in response to corneal 
injury or ocular discomfort. To confirm that corneal injury 
and pain is causing a closed eye, instill ophthalmic local anes- 
thetic between the eyelids. This is accomplished by squirting 
the liquid, with a syringe, at the orbital fissure from a few cen- 
timeters’ distance. If some of the local anesthetic finds its way 
to the cornea, it will temporarily relieve the pain and allow 
the animal to open its eye for examination. This procedure is 
helpful because it is difficult, if not impossible, to visualize a 
closed cetacean eye by forcing the lids open. 

Corneal disease is the primary ophthalmic problem in 
dolphins (Colitz, Walsh, and McCulloch 2016). Corneal dis- 
ease can consist of traumatic lacerations, edema, ulcerations, 
and perforations. Good water quality, with low residual oxi- 
dants, is paramount for both prevention and treatment of cor- 
neal injuries. Shade and darker pool colors may alleviate a UV 
component in the pathogenesis, if present (see Chapter 31). 
Systemic and topical antibiotics can be used as needed to pre- 
vent secondary bacterial infections. Oral fluoroquinolones are 
common broad-spectrum antibiotics selected for treatment 
and prevention of bacterial eye infections because of their 
excellent penetration in the aqueous and vitreous, and their 
tendency to concentrate in the tears. Oral tetracyclines simi- 
larly concentrate in the periocular oil and Meibomian glands 
but may take longer to take effect, and prolonged treatments 
may be required. Systemic treatment of corneal injury can 
be augmented with topically applied commercial ophthalmic 
antibiotics drops. As noted earlier, ophthalmic drops can be 
admixed with the mucolytic 20% acetylcysteine to a final con- 
centration of 5% acetylcysteine to allow the medications to 
penetrate the full thickness of the cetacean’s tear plug, but 
only after ensuring the end solution’s pH. Treatment trials 
with ophthalmic drops consisting of autologous platelet-rich 
plasma in a very limited number of bottlenose dolphins were 
unrewarding. However, subconjunctivally administered com- 
binations of autologous platelet-rich plasma, adipose-derived 


stem cells, and antimicrobials may be a more useful clinical 
tool (Simeone et al. 2017). Raising the ambient water tem- 
perature to 26.7°C appears to allow faster and more complete 
healing of corneal injuries. Cataracts are rarely reported in 
cetaceans (Colitz, Walsh, and McCulloch 2016) and are usu- 
ally left untreated, as impaired vision can be supplemented 
with echolocation (see Chapter 23). 


Skin Disease 


Traumatic multiple parallel lacerations, or rake marks, caused 
by the sharp teeth of conspecifics are common in some ceta- 
cean species. This type of superficial trauma usually does not 
require treatment. Cetaceans are good innate wound healers 
(Zasloff 2011, and even more extensive skin and peripheral 
soft tissue trauma can generally be left to heal unassisted. 
Wound healing rates may benefit from both systemic anti- 
bacterial therapy aimed at managing secondary bacterial 
infections, and some frequency of wound cleaning. Topical 
creams are challenging to adhere sufficiently to cetacean skin, 
but can be used. One such compounded cream contains raw 
honey and platelet-rich plasma. 

Cutaneous pox lesions are commonly encountered by the 
cetacean clinician. They are benign infections of viruses in 
their natural host. The effect of these infections is aesthetic 
only, and treatment is therefore unnecessary. The conditions, 
including water parameters, that allow these cutaneous infec- 
tions to become established or recrudesce are not yet under- 
stood. Empirically, changes in water temperature may lessen 
the appearance of the pox lesions, through a mechanism that 
has again not yet been clarified (Croft et al. 1996). 


Liver Disease 


Liver disease is common in wild and managed dolphins (Jaber 
et al. 2004; Venn-Watson et al. 2015a). Causes of liver dis- 
ease in cetaceans can include exposures to toxins, response 
to medications, active infections, and metabolic conditions. 
In wild cetaceans, exposure to petroleum products from oil 
spills, polychlorinated biphenyl (PCB), dioxins (from forest 
fire smoke, runoff, and contaminated fish), and chronic mer- 
cury accumulation have been associated with elevated liver 
enzymes and liver abnormalities (Rawson et al. 1993; Schwacke 
et al. 2011, 2013). Medications that may negatively impact the 
liver in terrestrial species have the same potential to elevate 
liver enzymes in small cetaceans; this includes, but is not lim- 
ited to, specific classes of antimicrobials, steroids, and other 
anti-inflammatory agents, and analgesics. While bacterial and 
fungal infections are not typically limited to the liver, the liver 
is often affected if there is systemic disease. Viral hepatitis is 
presumably underdiagnosed, with only one case of adenovi- 
ral hepatitis recognized in belugas (Mihindukulasuriya et al. 
2008). Viral infections may be suspected during acute spikes 
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Table 40.3 Summary of Suggested Diagnostic Tests and Threshold Values for Liver, Renal, and Metabolic Conditions 


in Bottlenose Dolphins 


Metabolic Condition 


Elevated liver aminotransferases 


Test 


Liver Disease 
Alanine aminotransferase (ALT) 
Aspartate aminotransferase (AST) 


Renal Disease (Nephrolithiasis) 


Mild to Advanced Disease (no obstruction) 


Azotemia 
Elevated creatinine 
Anemia 


Hematuria (advanced cases) 


Blood urea nitrogen 
Serum creatinine 
Hematocrit 

Erythrocytes, occult blood 


Visualized collecting duct (advanced cases) Ultrasound 


Obstruction 


Acute and progressive azotemia 


High creatinine 
Electrolyte imbalances 


Hyperferritinemia 
Hypertriglyceridemia 
Hyperinsulinemia 
Elevated glucose (+/-) 
Low serum C17:0 


Hyperferritinemia 

High transferrin saturation 
Hyperferremia 

Hepatic hemosiderosis 
Hepatic iron overload 


Hepatic lipid deposits 
Chronic hyperglycemia 
Chronic inflammation 


Low vitamin D 
Hyperparathyroidism 


Suggesied Values 


>60 p/L 
>386 p/L 


>59 mg/dL 
>1.9 mg/dL 
<38% 
Present 
NA 


As above but acute, progressive, and more severe 


Metabolic Syndrome 
Serum ferritin 
Lipid panel 
Serum insulin (2 hours postprandial) 
Plasma glucose (2 hours postprandial) 
Serum total C17:0 (2 hours postprandial) 


Iron Overload 
Serum ferritin 
Transferrin saturation 
Serum iron 
Histology—H & E stain 
Histology—Prussian blue stain 


Fatty Liver Disease 
Histology—oil red O staining of frozen tissue 
Serum glucose (2 hours postprandial) 
White blood cell count 
Hyperglobulinemia 


Low Vitamin D and Hyperparathyroidism 
Serum 25-hydroxyvitamin D, (nmol/L) 
Parathyroid hormone (pmol/L) 


>500 ng/mL 
>75 mg/dL 
>11 plU/mL 
>100 mg/dL 
<0.4% 


>500 ng/mL 
>50% 
>300 ng/dL 


>140 mg/dL 
>11,000 cells/dL 
>3.5 g/dL 


<360 nmol/L 
>7.4 pmol/L 


Sources: Johnson, S. P. et al., Use of phlebotomy treatment in Atlantic bottlenose dolphins with iron overload, J Am Vet Med 
Assoc 235: 194-200, 2009. Meegan, J. M. et al., An investigation of ionized calcium, vitamin D, and parathyroid hor- 
mone in Bottlenose dolphins, in Proceedings of the 45th Annual International Association for Aquatic Animal Medicine 
Conference, Gold Coast, Australia, 2015. Schmitt, T. L., and R. L. Sur, Treatment of ureteral calculus obstruction with 
laser lithotripsy in an Atlantic bottlenose dolphin (Tursiops truncatus), J Zoo Wild! Med 43: 101-109, 2012. Venn- 
Watson, S. et al., Clinical relevance of urate nephrolithiasis in bottlenose dolphins (7ursiops truncatus), Dis Aquat Org 
89: 167-177, 2010. Venn-Watson, S. et al., Blood-based indicators of insulin resistance and metabolic syndrome in 
bottlenose dolphins (7Jursiops truncatus), Front Endocrinol 4: 10.3389/fendo.2013.00136, 2013. Venn-Watson, S. et al., 
Increased dietary intake of saturated fatty acid heptadecanoic acid (C17:0) associated with decreasing ferritin and 
alleviated metabolic syndrome in dolphins, PLoS One 10: e0132117, 2015. 
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in liver enzymes, but confirmation of viral hepatic infections 
remains elusive due to the lack of liver biopsies within the 
short infection window. It is not uncommon for cetaceans 
to have nonspecific chronic reactive hepatitis that may be 
a residual condition from previous infections or other liver 
injury. Further, approximately 30% of stranded wild, free- 
ranging bottlenose dolphins have moderate to severe hepatic 
fibrosis, most of which have an unknown etiology (JJaber 
et al. 2004; Venn-Watson et al. 2015a). 

Recognized components of liver disease in free-ranging 
and managed bottlenose dolphins are lipid deposition (fatty 
liver disease), iron deposition Gron overload), hepatitis, and 
fibrosis Jaber et al. 2004; Venn-Watson et al. 2012b, 2015a). 
There may be underlying nutritional and metabolic drivers for 
these changes, which are discussed further in the Metabolic 
Diseases section below. 

Liver disease can be readily detected by testing for ele- 
vated serum liver enzymes (Venn-Watson, Smith, and Jensen 
2008a; Table 40.3). While acute liver disease often presents 
with a spike in liver enzymes, chronic liver disease may 
involve elevations in liver enzymes that wax and wane and 
progress in severity over time. Additional blood-based indices 
that may help identify causes for liver disease include gamma 
glutamyl transferase, ferritin, iron, triglycerides, cholesterol, 
and indicators of inflammation (see Metabolic Syndrome 
below). 

A management regimen for acute liver disease may 
include supportive fluid therapy, appetite stimulants, nutri- 
tional support, and antimicrobials (e.g., doxycycline + rifampin). 
Gastroscopy may be indicated, as a moderate to severe ulcer- 
ative gastritis has been identified in a number of dolphins with 
acute hepatitis. Longer-term interventions include phlebotomy 
(johnson et al. 2009), and potential dietary changes for iron 
overload and fatty liver disease (Venn-Watson et al. 2015b). 


Renal Disease 


Bottlenose dolphins can develop nephrolithiasis, typically 
consisting of ammonium acid urate (AAU) stones (Venn- 
Watson et al. 2010a; Argade et al. 2013). In general, AAU stones 
in terrestrial animals can be caused or exacerbated by high- 
purine diets, low urinary pH, and other conditions that foster 
supersaturation of ammonium in the urine. Potential contrib- 
utors to nephrolithiasis in cetaceans could include dietary fish 
types high in purines, nutrient or metabolic states that lead to 
more acidic or concentrated urine, and larger meal sizes that 
may cause greater fluctuations in postprandial urinary ammo- 
nia (Smith et al. 2013, 2014). Additionally, hypocitraturia and 
older age have been identified as risk factors for stone forma- 
tion in dolphins (Venn-Watson et al. 2010b; Smith et al. 2013). 

Nephrolithiasis can be detected in small cetaceans using 
renal sonography and computed tomography (Table 40.3; 
Venn-Watson et al. 2010a; Smith et al. 2013). Ultrasound 
exams can be performed in real-time B-mode either in water 


or on land using units with 2-5 MHz variable frequency and 
curvilinear transducers. Nephroliths are defined as hyper- 
echoic foci with distinct acoustic shadows (Smith et al. 2013). 
Visualization of the collecting duct is indicative of an animal 
with advanced disease (greater than 20 nephroliths; Venn- 
Watson et al. 2010a). Bottlenose dolphins with nephrolithia- 
sis, without obstruction, may have limited changes in blood 
values, including anemia (hematocrit less than 38%), high 
blood urea nitrogen (greater than 59 mg/dL), high creati- 
nine (greater than 19 mg/dL), and low estimated glomeru- 
lar filtration rate (ess than 150 mL/min; Venn-Watson et al. 
2010a). Advanced cases (greater than 20 nephroliths detected 
on ultrasound) may also have urinary erythrocytes, occult 
blood, and lower pH (Venn-Watson et al. 2010a). Animals 
with stone obstruction can present with acute anorexia, pro- 
gressive azotemia, high creatinine, and electrolyte abnormali- 
ties (Schmitt and Sur 2012). 

Training cetaceans to accept daily oral hydration may 
help in the prevention and management of nephrolithiasis. 
As noted earlier, tap water (0.5-1 L) can be used, but the 
authors recommend using a commercial oral electrolyte solu- 
tion. While terrestrial animals with AAU stones may be effec- 
tively treated using potassium citrate, evidence to date has 
not supported its efficacy in small cetaceans. Current poten- 
tial management options under investigation include modi- 
fied diets using fish with lower purines and lower acidity, 
and adapted potassium citrate dosing. Upon obstruction, laser 
lithotripsy has been successfully used in dolphins to identify 
and remove stones (Schmitt and Sur 2012). 


Metabolic Syndrome 


Metabolic syndrome is a spectrum condition of both wild 
and managed bottlenose dolphins, in which they have mild 
to advanced elevations in insulin and lipids (Venn-Watson et 
al. 2013). Similar to humans, metabolic syndrome in dolphins 
is associated with fatty liver disease and iron overload (is- 
cussed below; Venn-Watson et al. 2012b; Neely et al. 2013). 
Without treatment, metabolic syndrome appears to progress 
with age. As such, while it is not associated with mortality, 
it is believed that alleviation of metabolic syndrome and its 
associated conditions can improve the overall health of an 
animal. 

Metabolic syndrome is best detected by feeding one-third 
of the animal’s daily diet in the morning and collecting 2-hour 
postprandial blood samples for the measurement of ferritin, 
insulin, glucose, and triglyceride levels (Table 40.3; Venn- 
Watson et al. 2015b). During the early stages of metabolic 
syndrome, dolphins may have mildly elevated serum ferri- 
tin (500-800 ng/mL; Mazzaro et al. 2012; Venn-Watson et al. 
2015b). It is not unusual, however, for dolphins in advanced 
stages to have ferritin levels exceeding 10,000 ng/mL. Ferritin 
is an indicator of amount of iron stored, which appears to 
contribute to insulin resistance in dolphins (see Iron Overload 
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below; Neely et al. 2013, Sobolesky et al. 2016). As meta- 
bolic syndrome advances, elevated postprandial triglycerides 
(greater than 78 mg/dL) and insulin (mild = 8-10 pIU/mL; 
advanced = greater than 11 pIU/mL) may be present. While 
mild elevations in glucose may be seen in dolphins with met- 
abolic syndrome, this appears to be the least remarkable of 
blood changes. 

Dietary fatty acids, including heptadecanoic acid (C17:0), 
have been identified that may help prevent and manage 
metabolic syndrome (Venn-Watson et al. 2015b). Initial 
studies have demonstrated that feeding a diet with approxi- 
mately 6 mg/kg of C17:0 daily through fish can success- 
fully raise serum total C17:0 levels higher than 0.4% within 
1-3 months. Fish with C17:0 include mullet (67 mg/100 g), 
pinfish (41 mg/100 g), mackerel (22 mg/100 g), and herring 
(19 mg/100 g). Capelin and squid have no detectable C17:0. 
In an initial study, achieving a therapeutic target of greater 
than 0.4% serum total C17:0 on this modified diet was asso- 
ciated with lowered ferritin within 1 month and normaliza- 
tion of triglycerides, insulin, and glucose within 6 months 
(Venn-Watson et al. 2015b). 

In addition to dietary changes, phlebotomy to treat iron 
overload (see section below) may also alleviate metabolic 
syndrome (Johnson et al. 2009). This effect is consistent with 
human literature, in which phlebotomy successfully treats 
insulin resistance and metabolic syndrome (Valenti et al. 
2007). While phlebotomy can result in relatively rapid normal- 
ization of insulin, it does not appear to treat the underlying 
driver for iron overload and metabolic syndrome (Mazzaro et 
al. 2012). As such, metabolic syndrome can continue to prog- 
ress over time, requiring periodic phlebotomy treatments if 
other interventions are not employed. 


Iron Overload 


Iron overload in bottlenose dolphins is typically limited to the 
liver and may progress to hepatitis and hepatic fibrosis (Venn- 
Watson et al. 2012b). Hepatic iron overload is present in both 
wild and managed dolphin populations, with reported preva- 
lence of disease ranging from 18% to 67% (Venn-Watson et 
al. 2012b). Iron overload in dolphins closely mimics dysmeta- 
bolic iron overload syndrome (DIOS) in humans, including 
associations with insulin resistance, metabolic syndrome, and 
fatty liver disease (Dongiovanni et al. 2011). Like DIOS, in dol- 
phins, iron preferably deposits within the Kupffer cells (retic- 
uloendothelial cells) of the liver versus in hepatocytes, and 
this condition does not appear to be driven by variations in 
the human hemochromatosis protein (HFE) gene, a common 
genetic mutation causing human iron overload (Venn-Watson 
et al. 2012b; Phillips et al. 2014). 

Iron overload in dolphins is characterized by high serum 
ferritin (suspect = 500-800 ng/mL; highly likely = greater 
than 1,000 ng/mL), serum iron greater than 300 pg/dL, and 
transferrin saturation greater than 50% (Table 40.3; Johnson 


et al. 2009; Mazzaro et al. 2012). It is not unusual for dol- 
phins with advanced iron overload to have a transferrin satu- 
ration between 80% and 100% and phasic elevations in liver 
enzymes (ALT greater than 60 p/L; AST greater than 386 p/L), 
as well as elevated triglycerides (greater than 139 mg/dL,) 
total cholesterol (greater than 280 mg/dL), globulins (greater 
than 3.8 g/dL), and 2-hour postprandial insulin (greater than 
11 plU/mL; Venn-Watson et al. 2008a, 2013; Johnson et al. 
2009; Mazzaro et al. 2012; Neely et al. 2013). The presence 
of dark staining in liver tissue stained with hematoxylin and 
eosin (H & E) is indicative of hemosiderin deposition; use 
of Prussian blue staining can confirm the presence of iron 
(Venn-Watson et al. 2012b). 

Dolphins with iron overload may benefit from phlebot- 
omy treatment as described by Johnson et al. (2009). Briefly, 
1-3 L of blood is removed weekly until serum transferrin sat- 
uration is less than or equal to 20%, or hematocrit is less than 
30%. During the induction phase, phlebotomy procedures for 
advanced cases may be 20-30 weeks. Shorter-term mainte- 
nance phlebotomy procedures can be used as needed (€.g., 
when transferrin saturation rises back to 65%, or serum iron 
is over 300 pg/dL). This treatment protocol has been repeat- 
edly demonstrated to successfully and safely lower iron, liver 
enzymes, and indicators of inflammation to normal levels 
QJohnson et al. 2009). It is not unusual, however, for trans- 
ferrin saturation to return to prephlebotomy treatment levels 
3-6 months after completed phlebotomy treatments (Mazzaro 
et al. 2012). In addition to phlebotomy, recent studies suggest 
that a modified fish diet may help to correct underlying driv- 
ers for iron overload in bottlenose dolphins (Venn-Watson 
et al. 2015b). Specifically, a diet with less capelin (e.g., 25% 
of total daily kcal) and more mullet or pinfish (25-50% of 
total daily kcal) has resulted in decreased ferritin within 
3 weeks, which continued through 6 months (Venn-Watson 
et al. 2015b). Rise in dietary intake of C17:0 (heptadecanoic 
acid) through this modified diet is directly associated with 
decreasing ferritin (see section on Metabolic Syndrome; Venn- 
Watson et al. 2015b; Sobolesky et al. 2016). While research 
on modified diets and iron overload is ongoing, there have 
been multiple reports of dolphins with histories of chronic 
iron overload that have stopped needing maintenance phle- 
botomy treatments once placed on this modified diet. 


Fatty Liver Disease 


Fatty liver disease is a metabolic disorder in which lipid 
is abnormally deposited and stored in the liver. Similar to 
humans, some dolphins may have mild to moderate fatty 
liver disease with no morbidity or clinical relevance, while 
other dolphins may have fatty liver disease that can advance 
to steatohepatitis with clinically relevant elevations in liver 
enzymes (Venn-Watson et al. 2012b). Fatty liver disease, typi- 
cally involving multifocal hepatocellular lipid deposition, is 
present in both free-ranging and managed bottlenose dolphin 
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populations, with prevalence ranging from 12% to 39% (Venn- 
Watson et al. 2012a,b). In other animals, fatty liver disease 
has been associated with metabolic syndrome and associated 
lipid disorders, including hypertriglyceridemia (Dongiovanni 
et al. 2011). It is likely that dolphins have these same associa- 
tions among metabolic conditions. 

Fatty liver disease is confirmed through histopathology 
of liver biopsies (Table 40.3). The presence of clear “bub- 
bles” in liver tissue stained with H & E is indicative of fatty 
liver disease; use of oil red O staining of frozen liver tis- 
sue can confirm the presence of lipid (Venn-Watson et al. 
2012b). A retrospective study demonstrated that dolphins 
with fatty liver disease are more likely to have had a his- 
tory of chronic postprandial hyperglycemia (+140 mg/dL) and 
chronic inflammation (elevated white blood cell count and 
hyperglobulinemia) compared to dolphins without fatty liver 
disease (Venn-Watson et al. 2012b). As such, there may be 
benefit to retrospectively evaluating the prevalence of fatty 
liver disease in dolphin populations to help guide prevention 
and management strategies. In addition, chronic elevations in 
postprandial glucose, paired with chronic inflammation, may 
be suggestive of fatty liver disease. 

Due to the difficulty of confirming fatty liver disease ante- 
mortem, management of fatty liver disease may be guided by 
the known retrospective prevalence of fatty liver disease in 
the population. While there is currently no specific guidance 
to treat fatty liver disease in dolphins, addressing associated 
metabolic syndrome may have mutual benefits to manag- 
ing fatty liver disease (see previous section on Metabolic 
Syndrome). 


Hypovitaminosis D 
and Hyperparathyroidism 


Vitamin D and its role in calcium homeostasis have been gain- 
ing increasing attention in human and veterinary medicine. 
In terrestrial animals, chronically low vitamin D and associ- 
ated low calcium and high parathyroid hormone can increase 
susceptibilities to bone fragility, kidney stones, fatigue, bone 
and joint pain, or inappetence. Vitamin D concentrations in 
marine mammals vary greatly among species and appear 
to be associated with species-specific feeding habits and 
prey species (Keiver, Ronald, and Draper 1988; Kenny et al. 
2004). As such, dietary sources and targeted blood levels of 
vitamin D specific to bottlenose dolphins have been under 
investigation (Meegan et al. 2015). Importantly, vitamin D, 
content in fish varies: with capelin having low to no vita- 
min D,; mackerel, croaker, and herring having approximately 
200-400 IU/100g vitamin D,; and mullet and pinfish contain- 
ing approximately 600 to 1,000 IU/100 g vitamin D,. Vitamin 
D and parathyroid hormone analysis should be considered 
where calcium and phosphorous disturbances are detected. 
Potential causes for these conditions include gastrointestinal 


malabsorption, lactation, chronic renal disease, decreased 
dietary intake, insufficient supplementation, or diets low in 
vitamin D or calcium. 

Vitamin D status can be assessed in cetaceans by test- 
ing for serum 25-hydroxyvitamin D, (25-OHD,; Table 40.3). 
Reference values for free-ranging bottlenose dolphins are 
25-OHD, = 598 + 240 nmol/L; PTH = 3.2 + 2.8 pmol/L; and 
total calcium = 9.4 + 0.4 mg/dL (Meegan et al. 2015). However, 
vitamin D, levels vary greatly among marine mammal spe- 
cies (Keiver, Ronald, and Draper 1988; Kenny et al. 2004). If 
a diagnosis of low vitamin D or calcium deficiency is diag- 
nosed, dietary modifications or vitamin supplementation may 
be implemented to correct any abnormalities detected. It is 
important to note that some commercially available marine 
mammal vitamins already contain vitamin D;, while others 
do not. 
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Introduction 


Seals and sea lions are commonly managed in display facili- 
ties and rehabilitated after stranding, with much of the medi- 
cine presented here learned from care of the California sea 
lion Zalophus californianus), northern fur seal (Callorbinus 
ursinus), South American sea lion (Otaria flavescens), harbor 
seal (Phoca vitulina), gray seal (Halichoerus grypus), and north- 
ern elephant seal (Mirounga angustirostris). While disease 
prevalences vary widely across species and environment, 
much of the knowledge gained from care of these more com- 
mon species may be applied to lesser known species. 


Husbandry 


Pools, Haul-Out Areas, and Enclosures 


All pinnipeds require both water and haul-out space. Although 
seals and sea lions can survive without access to water for 
weeks at a time, they appear more content when given free 
access to water. Most pinnipeds will eat more readily when 
offered food in water, particularly in a rehabilitation situation. 
Fur seals will defecate and groom when given access to a 
pool, if left in a dry haul-out area, they may appear clinically 
depressed and fur quality may be compromised by contact 
with urine and feces. Pool design should aim at accommodat- 
ing the behavioral and physical needs of the animals housed, 
as well as maintaining water quality (see Chapter 31). For 
otariids, the pool may be sunken below ground or raised, 
with access by ramps. As phocids do not have the climbing 
abilities of otariids, a sunken pool with the water level close 
to the edge to allow easy exit from the pool is preferred. 
Debilitated pinnipeds may have difficulty exiting pools, 
regardless of design, though gently sloping sides or ledges 
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just below the surface of the water both facilitate the egress of 
any species and allow seals to rest in shallow water. 

Pinnipeds should be housed in salt water; however, they 
are often housed in freshwater systems due to economic or 
logistical constraints. Ophthalmic problems are more com- 
mon in freshwater than in salt water, and in pools without 
shade (Dunn et al. 1996; Colitz 2010b; see section below enti- 
tled Eyes; see Chapter 23). Fur seals in particular should 
be housed in salt water, as they may not groom properly in 
freshwater, resulting in loss of fur integrity and poor thermo- 
regulation. While freshwater is generally not available to wild 
pinnipeds, provision of freshwater Cow-lying bucket or pan) 
to pinnipeds in salt water systems may help them maintain 
hydration, particularly during rehabilitation and when housed 
in particularly warm environments. When housed in freshwa- 
ter, oral salt supplementation should be provided to prevent 
hyponatremia (Geraci 1972a; Lair et al. 2002). 

Lighting should mimic the natural photoperiod for the 
species as closely as possible. Harbor seals maintained in 
continuous light conditions have had disrupted molt cycles 
that reverted to normal when a natural photoperiod was rein- 
stated (Mo, Gili, and Ferrando 2000). Extremes of both heat 
and cold should be prevented, although in general most spe- 
cies are better able to tolerate cold than heat. Geraci (1986) 
states that healthy, robust harbor, gray, harp (Pagophilus 
groenlandicus), and ringed seals (Phoca hispida) can tolerate 
water at freezing temperatures, and air temperature below 
-20°C (-4°F), although a northern elephant seal died after 
being exposed suddenly to an outdoor temperature of —15°C 
(5°F) for 30 minutes. Hyperthermia can be avoided by pro- 
viding access to shade, pools, or sprinklers, when ambient 
temperatures rise above 26°C (79°F). Hypothermia is rare, but 
can be a significant problem in thin, malnourished animals 
in rehabilitation. Provision of waterproof heating pads, plastic 
pads, platforms off concrete floors, or kennel areas with heat 
lamps, as well as permanent structures that provide protec- 
tion from wind and rain, can help prevent hypothermia. 


Feeding 


Although wild pinnipeds feed on a variety of prey, managed 
animals are usually maintained on a diet of herring (Clupeidae 
spp.), smelt (Osmeridae spp.), mackerel (Scombridae spp.), 
capelin (Vallotus villosus), and squid (Loligo spp.). Care 
should be taken if feeding mackerel and other scombroid 
fish to ensure it has been appropriately stored to avoid 
scombroid toxicity. As herring is a relatively fatty fish, it is 
commonly fed to produce rapid weight gain. Details of the 
nutritional content of different diets and the methods to cal- 
culate caloric requirements of marine mammals are provided 
(see Chapter 29), while hand-rearing techniques are given 
in Chapter 30. As a rough guideline, young growing pinni- 
peds are fed 8-15% of their body weight of food per day, and 
older animals 4-8% per day. Thiamine at 25 to 35 mg/kg fish 
and vitamin E at 100 IU/kg fish are recommended to prevent 


nutritional disorders associated with a frozen fish diet. When 
supplementing an animal's diet, it is advisable to feed a fish 
containing the supplements prior to the main feed to ensure 
the animal receives all of its medications. 


Restraint 


The methods commonly used to restrain pinnipeds may be 
classified into behavioral, physical, mechanical, and chemical, 
with choice depending upon the objective. For example, if 
the desired objective is to perform an abdominal ultrasound, 
a mechanical squeeze may be safest for handlers and the ani- 
mal, but may be suboptimal for effective ultrasound position- 
ing. Different types of restraint are often used in combination. 
For example, a chemical sedative such as a benzodiazepine 
may be given to an animal to augment physical restraint. 
Many of these techniques are depicted well in Geraci and 
Lounsbury (1993). 


Behavioral Restraint Behavioral restraint is an extremely 
effective technique for most captive pinniped species and 
can be either free- or protected-contact. The participa- 
tion of an animal in its own health evaluations can be 
far less stressful and time-consuming than other restraint 
techniques, though the lack of a barrier in a free-contact 
situation may also be dangerous to people or animals (see 
Chapter 39). 


Physical Restraint Physical restraint is limited by size and 
species, the animal's level of aggression and alertness, and 
the experience and physical ability of the restrainers. It is 
usually very safe for the animal, but human safety is a con- 
cern with larger animals. Physical restraint requires a thor- 
ough knowledge of the behavior and anatomy of the species 
being restrained. For example, larger otariids have tremen- 
dously strong forelimbs in comparison with phocids. The 
fore flippers may have to be secured by additional personnel 
to prevent the animal from gaining leverage and rising up 
(Gentry and Holt 1982). Creative use of towels, blankets, bags, 
and nets will aid physical restraint and increase the safety 
of personnel. A common method of restraint of a smaller 
pinniped (phocids under approximately 60 kg and otariids 
under approximately 30-40 kg) is to place a hoop net or 
wrap large towel over the animal’s head to restrict vision and 
mobility prior to restraining. The primary restrainer can then 
control the head by holding the base of the skull with both 
hands and pushing the head toward the ground. The pri- 
mary restrainer should straddle the animal by resting their 
knees on the ground and controlling the side-to-side and 
upward motion. It is critically important that the restrainer 
rest their body weight on their own knees and not on the 
animal, as the pressure can severely restrict the animal’s 
respirations. Care must also be taken to ensure that the ani- 
mal’s nares and mouth are clear of netting or towels to allow 
full respirations. 
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Mechanical Restraint’ Mechanical restraint is limited by 
the availability of adequate equipment, the cost of which 
varies considerably. Many types of mechanical restraint 
devices have been used with pinnipeds, including chutes, 
herding boards, restraint boards, stretchers with straps, 
restraint boxes, squeeze cages, and slings (Cornell 1986, 
Gentry and Casanas 1997). As some mechanical restraint 
equipment can be very large and heavy, it may be difficult 
to use in field situations. In general, mechanical restraint 
devices are designed to maximize safety to human opera- 
tors, but may pose some risk to the animal. Some restraint 
boards require a padded, hinged guillotine to secure the 
neck, and could obstruct the airway. Mechanical squeeze 
cages should be used with caution, and only by experienced 
personnel, since it is possible to use excessive pressure and 
cause trauma or interfere with adequate ventilation. Be 
aware that some of the mechanical restraint devices limit 
full access to the animal. 


Chemical Restraint The ability to use chemical restraint 
relies on the expertise of the operators, and often requires the 
presence of a specially trained veterinarian (see Chapter 26). 
Some commonly used agents for sedation of phocids include 
diazepam, or midazolam +/— butorphanol intravenously (IV) 
or intramuscularly (M,; though diazepam has relatively poor 
IM absorption), and for anesthesia are IV propofol, alfaxa- 
lone, or tiletamine/zolazepam. Induction agents are likely 
to induce apnea; thus, the clinician should be prepared to 
intubate. Masking with isoflurane or sevoflurane is possi- 
ble, but may prove difficult due to breath-holding; however, 
both are commonly used for anesthetic maintenance. Some 
common agents used in otariids include midazolam with 
medetomidine and butorphanol IM, which can be reversed 
with flumazenil, atipamezole, and naltrexone, respectively. 
Alternatively, midazolam with either alfaxalone or ketamine 
IM can be used effectively, although the ketamine dose 
is generally lower than that used in terrestrial mammals. 
Isoflurane and sevoflurane are also commonly used safely 
in conjunction with injectable agents, and smaller otariids 
can be readily masked to an anesthetic plane (with either 
inhalant) while manually restrained. Additional information 
on sedative and anesthetic drugs and dosages is given in 
Chapters 26 and 27. 


Diseases 


Details of viral, bacterial, fungal, protozoal, parasitic, 
and noninfectious diseases of pinnipeds are provided in 
Chapters 14 and 17 through 21, respectively. To avoid 
repetition, this chapter focuses on the clinical signs of these 
diseases, describes these by affected organ system for ease 
of differential diagnosis, and then discusses treatment. Drug 
dosages for recommended therapeutic agents are given in 
Chapter 27. 


Integumentary System 


Multiple viruses cause dermal lesions in pinnipeds, with seal- 
pox and calicivirus among the most common, Documented 
sealpox viral infections are generally of the Parapoxvirus 
family (Becher et al. 2002; Nollens et al. 2006), though an 
Orthopoxvirus has been identified in two wild Steller sea 
lion pups in Alaska (Burek et al. 2005). Poxvirus infections 
typically occur in animals that have been recently weaned 
or are in a rehabilitation setting; then these infections spread 
rapidly among a susceptible population (Hastings et al. 1989; 
Miller et al. 2003; Nollens et al. 2005). These viruses cause 
pathognomonic lesions, which consist of round, raised, firm 
skin nodules 0.5 to 1 cm (0.4 in) in diameter that gradually 
increase in size over the first week, and may ulcerate or 
suppurate (see Chapter 17). Lesions commonly occur over 
the head and neck, but may also arise over the thorax and 
abdomen, perineal regions, or in the oral cavity (Miller et 
al. 2003; Nollens et al. 2005). Satellite lesions appear in the 
second week and may spread rapidly. Lesions are usually self- 
limiting and regress after 4-6 weeks, although some have 
persisted for months. Animals usually remain active when 
affected, although lesions around the lips and eyes may cause 
sufficient discomfort to reduce appetite. Marked neutrophilia 
and hyperglobulinemia may occur in association with nodule 
development. Diagnosis can be made through skin biopsy 
(see Chapter 17). Treatment is usually unnecessary, although 
broad-spectrum antibiotics may be needed to control second- 
ary bacterial infections, and nonsteroidal anti-inflammatory 
drugs (NSAIDs) can be used to reduce discomfort associated 
with the lesions. In vitro studies suggest that cidofovir could 
be an effective antiviral in treating sealpox (Nollens et al. 
2008). Sealpox is zoonotic and proper personal protective 
equipment (PPE) should be worn when handling affected 
individuals (see Chapter 4). 

San Miguel sea lion virus is a calicivirus that in California 
sea lions causes vesicles on both dorsal and ventral surfaces 
of the flippers, occasionally around the lips, on the dorsum 
of the tongue, and on the hard palate (Gage et al. 1990; Smith 
and Boyt 1990; Van Bonn et al. 2000; see Chapter 17). The 
vesicles usually erode, leaving rapidly healing ulcers, but 
may become secondarily infected by bacteria, especially in 
malnourished and debilitated animals. Calicivirus has also 
been shown to cause gastroenteritis with the onset of infec- 
tion, with signs of vomiting, abdominal pain, and diarrhea. 
Sea lions will respond to supportive care of fluid therapy 
and antibiotic coverage. Hematologic changes can include 
neutropenia, lymphopenia, and thrombocytopenia. The dis- 
ease can progress to vesicles following the enteritis phase 
(Schmitt 2009). Diagnosis is confirmed with PCR or isolation 
of the virus from aspirated vesicular fluid or feces, but is often 
presumptive based on clinical appearance. Treatment is sup- 
portive, aimed at preventing secondary infection and enhanc- 
ing nutritional status of the animal. Occasionally, stranded 
sea lions are observed with severe gangrenous necrosis of 
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the phalanges. Although development of these lesions has 
not been observed, it is suspected that they may result from 
vesicles that became secondarily infected with bacteria. These 
lesions are treated with debridement, topical wound care, and 
systemic antibiotic therapy based on culture and antibiotic sen- 
sitivity results. NSAIDs can also be used to reduce discomfort. 
A novel papillomavirus was identified in two California sea 
lions with proliferative and focally extensive skin lesions. PCR 
was used to characterize the virus and the lesions regressed, 
without treatment, after several months (Rivera et al. 2012). 

Herpesviruses have been isolated from harbor and gray 
seals with small erosive skin lesions, and observed in epithe- 
lial plaques in harbor seals and California sea lions. Although 
infrequent, herpesviruses should be considered in the differ- 
ential diagnosis of skin lesions, and skin biopsies should be 
examined for inclusions. 

Morbillivirus dermatitis has been diagnosed in both 
a hooded seal (Cystophora cristata) and a harp seal. Skin 
lesions consisted of epithelial hyperplasia, hyperkeratosis, 
degeneration, and necrosis, and the systemic infection was 
fatal in both cases. Diagnosis of morbillivirus is described in 
Chapter 17. 

Bacterial infections are common in pinnipeds, especially 
in dermal abscesses in stranded animals, though are rarely 
reported in the literature as the primary cause of dermal 
disease (see Chapter 18). Multifocal circular ulcers 1-2 cm 
(0.4-0.8 in.) in diameter have been observed in California 
sea lions and northern elephant seals. Histologically, these 
appear to be the consequence of vasculitis and thrombosis. 
Microabscesses are also common on the ventral abdomen of 
sea lions following septicemia. Diagnosis is based on the his- 
tological appearance of biopsies, and treatment with systemic 
antibiotics is recommended. Secondary bacterial infections are 
common with traumatic injuries and bite wounds. Antibiotic 
therapy should be selected based on culture and sensitiv- 
ity when possible. Bite wound infections can lead to severe 
systemic disease, as in the case of one California sea lion, 
which developed a focal bacterial meningitis and paraparesis 
from a chronic dermal ulcer. Escherichia coli serovar hae- 
molytica and Clostridium perfringens were identified as the 
primary underlying agents (Braun et al. 2015). Subcutaneous 
abscesses due to infection with Mycobacterium chelonae in a 
captive gray seal (Stoskopf et al. 1987) and M. smegmatis in 
a captive California sea lion (Gutter, Wells, and Spraker 1987) 
were diagnosed after culturing the organisms from aspirated 
fluid. The gray seal was treated successfully with minocy- 
cline, while the sea lion died with concurrent pulmonary 
abscesses. Methicillin-resistant Staphyloccocus aureus (MRSA) 
has been documented in a stranded harbor seal. Treatment 
was successful and based on culture and sensitivity (Fravel 
et al. 2011). 

A number of fungal diseases of the skin have been 
described. Fungal acanthosis and alopecia associated with 
Candida albicans and Fusarium spp. infections typically 
occur at mucocutaneous junctions, around nail beds, and in 


the axillae. Lesions are most often observed in managed ani- 
mals maintained in freshwater. Diagnosis is based on skin 
scrapings and fungal culture, PCR, and/or histological exami- 
nation of biopsies. Topical treatment is difficult without lim- 
iting access to water, but systemic treatment of an elephant 
seal with fluconazole at 0.5 mg/kg was effective in clearing 
clinical signs (Gulland, unpubl. data) 

Trychophyton rubrum infection caused multifocal to 
coalescing, ulcerative, and nonpruritic lesions over the lumbar 
region in a Patagonian sea lion. Oral terbinafine at approx- 
imately 2.3 mg/kg per os (PO) SID and a topical dilution 
of enilconazole over a period of 75 days were successful in 
clearing the infection (Quintard, Lohmann, and Lefaux 2015). 
Similar treatment was employed for two California sea lions 
with Microsporum gypseum dermatomycosis with complete 
resolution of lesions after 65 days of therapy. Lesions were 
well demarcated, depigmented, were covered in crusts, 
and were most extensive over the flippers (Sos et al. 2013). 
Trichophyton mentagrophytes, Malassezia spp., and Yarrowia 
(Candida) lipolytica were isolated in a group of captive 
harbor seals and gray seals that presented with erythema- 
tous, thickened, alopecic skin lesions. Lesions were primar- 
ily found over the face and flippers, particularly around the 
nail bed. Various treatments were initiated including topical 
treatment with miconazole and chlorhexidine, and systemic 
treatment with oral itraconazole at 5 mg/kg PO BID with vari- 
able responses. Environmental factors, including overchlori- 
nation of water and warm water temperatures, contributed to 
occurrence of disease (Pollock, Rohrbach, and Ramsay 2000). 
Cystofilobasidiales infection caused systemic mycoses in a 
California sea lion. This animal presented with ring lesions 
over the flippers, which progressed to dermal nodules over 
the flippers, abdomen, and muzzle. Itraconazole (25 mg/kg 
PO BID), and later voriconazole (4 mg/kg PO BID), failed to 
resolve the infection. Acute liver failure was noted, likely due 
to voriconazole toxicity, and thus caution is recommended in 
using voriconazole to treat fungal infections (Field et al. 2012). 

Alopecia, broken hair shafts, and pruritus are common in 
debilitated seals and sea lions associated with lice infestation. 
Most infections are species specific; the California sea lion 
louse is Antarctophthirius microchi, and the harbor seal louse 
is Echinopbthirius borridis. Lice may be observed with the 
naked eye and are readily treated with ivermectin, dichlorvos, 
or disophenol systemically, or with topical rotenone louse 
powder. Demodicosis, also characterized by alopecia and 
pruritus, has been observed in California sea lions, northern 
fur seals (Spraker, pers. comm.), and harbor seals (Kim, Lee, 
and Kwak 2015). Diagnosis based on histological detection 
in biopsies and treatment with Amitraz (0.01% once weekly) 
and ampicillin (0 mg/kg PO SID) has been effective in clear- 
ing clinical symptoms of demodectic mange (Sweeney 1986b; 
Kim, Lee, and Kwak 2015). Pelodera strongyloides parasites 
have caused mild superficial dermatitis and perifolliculitis in 
Pacific harbor seals. Diagnosis was made by biopsy and his- 
tology (McHuron et al. 2013). 
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Traumatic skin wounds are common in stranded animals. 
Net entanglements, fishhooks, and gunshot injuries are espe- 
cially common in California sea lions (Goldstein et al. 1999). 
Diagnosis of gunshot injuries is dependent upon radiographic 
detection of lead fragments or pellets, or recovery of the pro- 
jectile, although many wounds suggestive of exit wounds are 
observed in pinnipeds from which no evidence of gunshot 
can be detected. Differential diagnoses include bite wounds 
(usually paired holes of similar size) and bird damage. The 
characteristics of shark bite wounds vary with species of 
shark. Management of traumatic skin wounds is based on 
removal of foreign bodies and debris, debridement of devital- 
ized tissue, control of infection, and promotion of healing, 
as in domestic animals. Many topical therapies have been 
employed including Betadine ointment, chlorhexidine scrubs, 
silver alginate dressings, platelet-rich plasma, Granulex sprays, 
honey, laser therapy, and many more. Choice of topical agents 
should be made on a case-by-case basis. Placing an animal in 
salt water rather than freshwater may enhance wound cleans- 
ing. Tetracycline and penicillin have been used to treat shark 
wounds, as Vibrio spp. and Clostridium spp. are frequently 
isolated from these wounds (Pavia et al. 1989; Klontz et al. 
1993). Severe tissue avulsion from traumatic injury is man- 
aged best with debridement of necrotic tissue and topical 
treatment to encourage granulation and healing by secondary 
intention rather than surgical closure. 

Rare neoplastic diseases of the skin have been diagnosed 
in pinnipeds. A cervical dermal melanoma was described in 
a 7-month-old stranded harbor seal. Diagnosis was made by 
fine needle aspirate and subsequent biopsy and histopathol- 
ogy, though the animal died during surgery to remove the 
mass. The melanoma was described as low grade, and no 
evidence of metastasis was found on histopathology (Morick 
et al. 2010). Pleomorphic liposarcoma was described in a 
captive South African fur seal that presented with a large, 
progressive, ulcerated mass over the right shoulder. The ani- 
mal died, and pulmonary, hepatic, splenic, and lymph node 
metastases were noted on necropsy (Pervin et al. 2016). A 
cutaneous mast cell tumor was identified in an adult captive 
California sea lion. Biopsy was needed for diagnosis, and sur- 
gical excision was successful in removing the tumor (Staggs, 
Henderson, and Labelle 2016). An invasive cutaneous squa- 
mous cell carcinoma was documented in a Hawaiian monk 
seal, and surgical excision was elected (Doescher et al. 2010). 
Benign mammary hyperplasia resulting in a mammary mass 
development was identified in a managed subadult female 
sea lion and surgically excised with no recurrence (Schmitt, 
unpubl. data). 

Alopecia and acanthosis have occurred in captive harbor 
seals that failed to molt when maintained in constant photo- 
period (Mo, Gili, and Ferrando 2000). Diagnosis was based 
upon clinical history, and restoration of a natural photoperiod 
resulted in new hair growth. Cutaneous lupus erythematosus 
was diagnosed in a captive gray seal that for 9 years had con- 
tinuous ulcerative nasal dermatitis and intermittent ulcerative 


dermatitis of the nail beds and dorsum of the body (Burns 
1993). Treatments with systemic prednisone, antibiotics, and 
antifungals, and with topical steroids, and protection from 
ultraviolet radiation, were unsuccessful, and the seal died dur- 
ing the second week of treatment. A pruritic allergic derma- 
titis, with loss of guard hairs over the dorsum, was described 
in a captive sub-Antarctic fur seal (Arctocephalus tropicalis; 
Bodley, Monaghan, and Mueller 1999). Diagnosis was based 
on positive reactions to allergens prepared from weed, grass, 
tree pollens, and some insects. Symptomatic treatment with 
oral antihistamines was only partially successful, but specific 
allergen immunotherapy using 10 allergens was effective, 
despite side effects. 

Alopecia of an unknown cause is well documented in 
juvenile Australian fur seals. Affected individuals are gener- 
ally in poorer body condition than healthy conspecifics and 
have higher circulating T4 levels, possibly due to increased 
thermoregulatory demands. Higher levels of PCBs in associa- 
tion with thyroid disruption have been documented in this 
population, though thyroid disturbance does not appear to 
be the cause of the alopecia (Lynch, Keeley, and Kirkwood 
2014). Guard hair alopecia of unknown cause has also been 
observed in stranded northern fur seals and Guadalupe fur 
seals (Field, unpubl. data). 

A skin condition characterized by hyperkeratosis, alo- 
pecia, and ulceration has been well described in northern 
elephant seals, but its etiology remains obscure (Beckmen 
et al. 1997). This disease has been associated with decreased 
levels of circulating thyroxine (T4) and triiodothyronine (T3); 
however, thyroid function testing was normal in affected indi- 
viduals (Yochem et al. 2008). Another ulcerative skin disease 
of obscure etiology has been described by Anderson et al. 
(1974) in gray seals. In 2011, a new ulcerative dermatitis dis- 
ease syndrome was described in a number of Arctic pinni- 
ped species, including Pacific walruses (Odobenus rosmarus 
divergens), bearded seals (Erignathus barbatus), ringed seals 
(Phoca hispida), ribbon seals (Phoca fasciata), and spotted 
seals (Phoca largha). This unusual mortality event (UME) was 
characterized by generalized ulcers/erosions in Pacific wal- 
ruses, and similar lesions with alopecia over the eyes, muzzle, 
hind flippers, tail, and trunk of ice seals. Affected individuals 
were more approachable and lethargic, with a tendency to 
haul out more frequently. Some mortality has been associated 
with the syndrome, and histopathology indicates significant 
involvement of the liver, lung, immune system, and the skin’s 
vascular bed. To date, no associated bacterial, viral, or fun- 
gal agent has been identified, and no toxin or pollutant has 
been implicated in causing this disease (Burgess et al. 2013; 
Stimmelmayr et al. 2013). 


Musculoskeletal System 


Diseases involving the pinniped musculoskeletal system 
include infectious causes, trauma, and congenital abnormali- 
ties. Numerous bacteria can cause deep abscesses, myositis, 
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osteomyelitis, and arthritis (Thornton, Nolan, and Gulland 
1998). Most of these bacteria are opportunistic, occurring fol- 
lowing trauma, introduction through contaminated hypoder- 
mic needles or surgical instruments, or hematogenous spread, 
as a result of generalized sepsis (see Chapter 18). Clostridium 
perfringens has been isolated from cases of severe myositis 
following poor injection technique (Greenwood and Taylor 
1978), and Otariodibacter oris was isolated from seals and 
sea lions with abscesses or osteomyelitis, as well as a variety 
other bacteria (Hansen et al. 2013). 

Sarcocystis infection causes myositis, as well as neuro- 
logic and generalized disease in pinnipeds (see Chapter 20). 
Antemortem diagnosis may be based on clinical presentation, 
as well as antibody levels, with confirmation by histology and 
PCR of muscle biopsies. Treatment with oral ponazuril at 10 
mg/kg for at least 4 weeks, along with supportive care (flu- 
ids and anti-inflammatory medication to reduce inflammation 
secondary to parasite die-off), has been clinically effective 
in some cases (Carlson-Bremer et al. 2012; Alexander et al. 
2015), although optimal treatment duration is still unclear, 
and up to 3 months of treatment may be required to clear 
an infection (Mylniczenko, Kearns, and Melli 2008). Parasites, 
including the filariid Acanthocheilonema odenhali and inac- 
tive Uncinaria spp. larvae, may be found in muscles and fas- 
cia, but do not usually cause clinical signs of disease. 

Trauma is especially common in free-ranging, stranded 
pinnipeds. Osteomyelitis affecting the extremities, in particu- 
lar, is a common occurrence secondary to trauma (Thurman, 
Downes, and Barrow 1982), or superficial infections such as 
calicivirus (see Integumentary System above). Antimicrobial 
treatment is generally utilized in these cases. Fractures may 
require surgical repair or amputation, particularly with open, 
chronic, fractures and osteomyelitis (Bennett, Dunker, and 
Gage 1994; Lucas, Barnett, and Reiley 1999; Lewer et al. 2007; 
Malabia et al. 2011; Hespel et al. 2013; Garcia et al. 2015; 
see Surgery below). Rhabdomyolysis secondary to general 
anesthesia and surgery are described (Bailey et al. 2012), 
and patient positioning and support, as well as close peri- 
operative and postoperative monitoring, is recommended for 
longer surgical procedures, particularly involving larger ani- 
mals. Monofilament line entanglement or fishhooks in the 
skin often require general anesthesia to cut material free and 
clean wounds. Intervertebral disc protrusion, collapsed tho- 
racic disc spaces, or spondylitis has been observed in wild 
animals, secondary to blunt force trauma, or managed ani- 
mals performing repetitive behaviors, such as standing ver- 
tical against a wall (Schmitt, pers. comm.). The spinal cord 
in pinnipeds terminates between the 8th and 12th thoracic 
vertebrae, so any trauma to the cranial spine or collapsed 
thoracic disc space can result in paresis or paralysis of hind 
limbs. 

Some neoplastic diseases can manifest clinical signs 
in the musculoskeletal system. Carcinomas may erode the 
lumbar spine, affecting neurological function, as well as 
potentially resulting in pathological fractures. Animals may 


exhibit hind-end paresis or paralysis (Gulland et al. 1996a). 
Lymphosarcoma has affected the bone marrow in a harbor 
seal (Stroud and Stevens 1980), and a rhabdomyosarcoma was 
noted in a free-ranging Steller sea lion (Zabka et al. 2004). 
High levels of polychlorinated biphenyls (PCBs) and dichlo- 
rodiphenyltrichloroethane (DDT) have been associated with 
pathological bone lesions and reproductive failure in seals 
in the Baltic Sea, likely due to alterations in bone and thy- 
roid homeostasis; however, the effects of these compounds 
remain to be fully characterized (Routti et al. 2008). A vari- 
ety of congenital bone malformations and abnormalities have 
been reported in pinnipeds, including occipital bone dys- 
plasia, atlantoaxial subluxation, and cribriform plate aplasia 
(Dennison et al. 2009; Maclean et al. 2008). 

Physical examination, fine-needle aspiration with cytol- 
ogy and culture of the aspirate, muscle biopsy, radiographs, 
computerized tomography, and ultrasound (see Chapters 24 
and 25) will all facilitate diagnosis of musculoskeletal prob- 
lems. Treatment is dictated by the diagnosis, though certain 
techniques commonly used in other species may be difficult 
in pinnipeds, such as splinting. Initial wound care is similar 
to other species, and fracture repair of extremities has been 
performed using both internal and external fixator systems 
(see Surgery below). Bandaging is particularly difficult in 
these species due to their fusiform body shape, flipper shape, 
and aquatic environment. Wounds are often left open for sec- 
ond intention healing while allowing animals access to water 
where they appear to be more comfortable. 


Digestive System 


Otariids will show behavioral signs of discomfort with abdom- 
inal pain, such as fore flippers extended down over the ven- 
tral abdomen, or logging at the surface or clutching to the 
edge of a pool edge on their side with fore and hind flippers 
with a hunched abdomen. Dental disease in pinnipeds can 
be ascertained by animals showing complete inappetence, 
dropping fish, dysphagia, playing with food, or prehending 
food on one side and not the other. 

Oral lesions are often viral or traumatic in origin. 
Herpesvirus, morbillivirus, and poxviruses can cause ulcer- 
ative oral lesions in pinniped species. Treatment is largely 
supportive, and targeted at controlling secondary bacterial 
infections and reducing discomfort. Trauma secondary to for- 
eign bodies such as fishhooks or entanglements is also rela- 
tively common. Partial glossectomy was effective in removing 
necrotic lingual tissue secondary to fishhook entanglement in 
a Hawaiian monk seal (Barbieri et al. 2013). Megaesophagus 
and concurrent intestinal volvulus have been described in har- 
bor seals in two separate cases. Clinical symptoms included 
aerophagia, regurgitation, vomiting, diarrhea, bloat, abdomi- 
nal pain, and occasional inappetence. Megaesophagus was 
diagnosed using contrast radiography. Both were medically 
managed using gastric support medications, but eventually 
died from complications (Tuomi et al. 201). Ingested foreign 
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bodies are not uncommon in dehydrated and malnourished 
seals and sea lions. On the East Coast, rescued “ice seals,” 
such as harp and hooded seals, have been diagnosed with 
gastric impaction secondary to ingestion of rocks. Gastrotomy 
has been performed to remove rocks, with successful recov- 
ery and return to the wild (Schmitt, pers. comm.). Wild sea 
lions are diagnosed with monofilament line and fishhook 
ingestion commonly, and successful treatment is based on 
the degree of tissue damage, and if the hook can be removed 
with endoscopy or gastrotomy (Schmitt, pers. comm.) 

Gastritis and gastric ulcers are common in pinnipeds. 
Stress and high burdens of gastric nematodes can cause gas- 
tric ulceration and chronic emesis. Gastric nematodes have 
also caused duodenal perforations leading to peritonitis and 
death in stranded California sea lions (Fletcher et al. 1998). 
Gastroprotectants and anthelmintics can be used to manage 
animals with suspected ulcers (see end of this section for 
details). Several novel Helicobacter spp. have been associ- 
ated with gastritis in an Australian sea lion and in harp seals 
(Harper et al. 2003; Oxley, Powell, and McKay 2004). In the 
sea lion, recurrent episodes of anorexia and abdominal dis- 
comfort prompted endoscopy and subsequent biopsy of gas- 
tric and intestinal mucosa. Helicobacter spp. and Wolinella 
spp. were identified by PCR. Treatment included amoxicillin 
at 10 mg/kg PO BID and metronidazole at 10 mg/kg PO BID. 
Initially the animal’s condition improved with therapy, but 
repeated flare-ups occurred over several years. 

Primary neoplasms of the oral and gastrointestinal tracts 
have been documented in pinnipeds. Lingual squamous cell 
carcinoma has been described in a California sea lion (Sato 
et al. 2002), and esophageal squamous cell carcinoma has 
occurred in several aged captive harbor seals (Flower et al. 
2014). Clinical symptoms included intermittent dysphagia, 
inappetence, regurgitation, and abnormal posturing. The 
tumors were often ulcerated and occurred near the gastro- 
esophageal junction. Bloodwork abnormalities in these cases 
included azotemia, hyperproteinemia, hyperglobulinemia, 
and leukocytosis. Gastric carcinoma developed in a cap- 
tive, aged South American sea lion. Vomiting, anorexia, and 
weight loss occurred, with hematemesis and melena in end 
stage disease (Yamazaki, Koutaka, and Une 2016). 

Enteritis in pinnipeds can be caused by a variety of 
infectious agents. Viral causes of enteritis include morbil- 
livirus, which has caused chronic ulcerative stomatitis and 
acute hemorrhagic enteritis in wild harbor seals in Europe 
(Jauniaux et al. 2001). In an outbreak of herpesvirus in juve- 
nile harbor seals, early clinical symptoms included vomit- 
ing, diarrhea, and fever. Severe hepatic necrosis was found 
postmortem (Borst et al. 1986). Enteritis has been linked to 
bacteria, including Clostridium spp. and Salmonella spp. in 
different pinniped species. The interpretation of culture of 
these organisms from fecal samples is difficult, as they have 
been cultured from both clinically normal animals and those 
with severe hemorrhagic enteritis. Disseminated blastomy- 
cosis was identified in two California sea lions in different 


captive facilities. Blastomyces dermatitidis was the suspected 
primary pathogen, and postmortem findings included enteri- 
tis with subsequent rupture and peritonitis, infiltration of the 
spleen and liver, severe pyogranulomatous pneumonia, and 
ulcerative skin lesions (Zwick et al. 2000). 

Most gastrointestinal parasites are part of the normal flora 
of free-ranging pinnipeds and do not significantly affect the 
host; however, they can be responsible for clinical disease. 
Nematodes may potentiate malnutrition in already compro- 
mised animals, especially young animals, and high parasite 
burdens have the potential to obstruct the intestinal lumen 
(Banish and Gilmartin 1992). Juvenile Hawaiian monk seals 
with cestode infections, primarily Diphyllobothrium spp., tend 
to be in poorer body condition than those without infections 
(Reif et al. 2006; Gobush, Baker, and Gulland 2011). Treatment 
with praziquantel at 5 mg/kg IM for 2 days in Hawaiian monk 
seals has shown some seasonal promise in improving body 
mass and survivorship (Gobush, Baker, and Gulland 201), 
although higher doses have been used to clear cestode infec- 
tion in rehabilitated monk seals. Acanthocephalans have 
caused gastrointestinal perforation and peritonitis in gray and 
harbor seals. Hookworm infections causing enteritis and bac- 
teremia have been associated with increased wild California 
sea lion pup mortalities on San Miguel Island (Spraker et al. 
2007). California sea lions appear to be the definitive host for 
enteric coccidian parasites, with only mild associated enteri- 
tis. This parasite, however, was implicated in causing proto- 
zoal lymphadenitis, hepatitis, myocarditis, and encephalitis 
in a neonatal harbor seal (Colegrove et al. 2011), suggesting 
varying interspecies pathogenicity (see Chapter 20). 

Hepatitis has been associated with adenovirus infection 
in otariid species (Dierauf, Lowenstine, and Jerome 1981; 
Goldstein et al. 2011; Inoshima et al. 2013). Clinical signs of 
affected animals included diarrhea, anorexia, abdominal pain, 
posterior paresis, polydipsia, and photophobia. Bloodwork 
abnormalities include markedly elevated AST and ALT. 
Adenoviral infection can be fulminant and fatal (noshima 
et al. 2013). Hepatic necrosis and intranuclear inclusions 
are typical postmortem findings. To date, at least one novel 
adenovirus has been described in association with hepati- 
tis, Otarine Adenovirus 1 (OtAdV-1, Goldstein et al. 2011). 
Several types of bacteria associated with hepatitis have been 
isolated from the livers of pinnipeds (Thornton, Nolan, and 
Gulland 1998). Mycotic agents including Coccidioides immitis 
have also affected the liver of California sea lions (Fauquier et 
al. 1996), and neoplastic diseases may manifest themselves in 
the liver of pinnipeds (see Chapter 14, Table 14.1) 

Hemochromatosis has been observed in managed 
California sea lions and northern fur seals, but the etiology is 
obscure (Garcia et al. 2000; Clauss and Paglia 2012). 

Primary pancreatic disease has been rarely reported, 
though may be underreported due to nonspecific clinical 
signs and lack of species-specific tests. Chronic pancreati- 
tis has been reported in an adult captive California sea lion, 
with no identifiable underlying cause. The animal developed 


916 Seal and Sea Lion Medicine 


secondary diabetes mellitus and was managed with glargine 
insulin injections, gastric protectants, and a high-protein, low- 
fat diet (Meegan et al. 2008). Pancreatic adenocarcinoma has 
been described in an adult captive Steller sea lion. Postmortem 
secondary lesions included pancreatitis, bile duct obstruction, 
hepatitis, and hepatic encephalopathy (Goertz et al. 2011). 

Small amounts of rectal bleeding, irregular in frequency 
and of varying duration, in harbor seals and California sea 
lions have been associated with a postmortem finding of 
ileocecocolic intussusception (Lair and Lamberski, pers. 
comm). A case of antemortem diagnosis of ileocecocolic 
intussusception occurred in a captive harbor seal that initially 
presented for anorexia and a leukopenia with degenerative 
left shift. Malodorous diarrhea developed, with concurrent 
tenesmus and regurgitation. Abdominal radiographs revealed 
gas dilated loops of intestine, and an exploratory laparotomy 
revealed significant ischemic compromise leading to eutha- 
nasia (Heym et al. 2011). Congenital abnormalities, including 
cleft palate (Suzuki et al. 1992) and hiatal herniation, have 
been seen in stranded pinnipeds (Beekman 2008; Biancani 
et al. 2012). Laparoscopic gastropexy was successfully used 
to repair a hiatal hernia in a stranded weanling elephant seal 
(Greene et al. 2015). 

Iatrogenic causes of gastrointestinal disease include 
feeding inappropriate formulas or spoiled fish, using poorly 
designed feeding tubes, or feeding at an inappropriate rate 
or volume. Young animals, especially when debilitated, often 
go through a period of regurgitation and malabsorption if 
formula is introduced too quickly. Adequate rehydration and 
a gradual reintroduction to complex diets may aid in decreas- 
ing the frequency of emesis and diarrhea (see Chapter 30). 
Impactions caused by solidifying formula in neonates have 
been seen and may also be prevented by feeding appropriate 
formulas, monitoring hydration, and a gradual introduction to 
complex diets. 

Clinical symptoms associated with diseases of the diges- 
tive tract in pinnipeds include inappetence, emesis, regurgita- 
tion, icterus, melena, hematochezia, diarrhea, straining, and/ 
or steatorrhea. Abdominal pain or discomfort is often mani- 
fested as inappetence, lethargy, or depression. Otariids with 
abdominal discomfort will often tuck their flippers to their 
abdomen. In the water, they may float with tucked flippers 
and a hunched back. 

Diagnosis of gastrointestinal disease often requires a 
series of diagnostic techniques beginning with physical 
examination. Physical examination helps detect broken, miss- 
ing, or worn teeth, oral ulcers, oral foreign bodies such as 
fish spines and fishhooks, abdominal distension, abdominal 
masses, a palpable fluid wave, perineal swelling, or prolapsed 
rectum. A complete blood count may help identify an infec- 
tious cause. Clinical chemistry findings may indicate specific 
organ involvement, hypoproteinemia, gastrointestinal hemor- 
rhaging, and electrolyte imbalances associated with chronic 
emesis or diarrhea (see Appendix 1, Tables A1.2 [Phocids] 
and A1.3 [Otariids], Clinical Laboratory Values). Ultrasound 


may be used to identify a variety of abnormalities within the 
abdomen, including ascites, ileus, foreign bodies, and organ 
abnormalities. Abdominocentesis of a distended abdomen 
can differentiate peritonitis and hemoperitoneum. Culture 
and cytology of aspirated fluid may help further define dis- 
ease. AS many pinnipeds have large intra-abdominal vessels 
and large spleens, aspiration of frank blood does not neces- 
sarily indicate hemoperitoneum, and ultrasound-guided aspi- 
ration will help guide sample collection. Further diagnostics 
may include radiographs to detect gastric foreign bodies, gas- 
tric impaction, or constipation. Although it is often difficult 
to achieve good contrast in pinniped abdominal radiographs 
due to the relative lack of visceral fat, in young and thin ani- 
mals, it is possible to achieve some indication of organ size, 
displacement, and intra-abdominal masses. Endoscopy can 
be used to diagnose gastric ulcers, gastritis, colitis, and gastric 
foreign bodies, as well as obtain gastric and colonic biopsies. 
Laparoscopic examination can enable direct visualization of 
the gastrointestinal serosa, as well as liver, pancreas, and 
associated structures. Biopsies of the liver and other tissues 
may be obtained either laparoscopically or by ultrasound- 
guided biopsy (see Chapter 24). 

Supportive therapy for gastrointestinal disease is critical, 
as fluid, electrolyte, and protein abnormalities can quickly 
result in mortality if they are not resolved. Since many ani- 
mals with gastrointestinal disease vomit or regurgitate, par- 
enteral administration of fluids, medications, and potentially 
even nutrition should be provided (see above). GI protectants 
such as sucralfate, famotidine, ranitidine and omeprazole, 
antiemetics including maropitant citrate and ondansetron, 
and prokinetics, such as metoclopramide, can all be used 
in treating gastrointestinal disease. Attempts to induce eme- 
sis with apomorphine, xylazine, or hydrogen peroxide have 
been unsuccessful. Simethicone has been used to reduce 
bloating. Mirtazapine, orally and rectally, has been used to 
promote appetite with variable effects. Probiotics have been 
used in animals on chronic antibiotics or with chronic gastro- 
intestinal disease, but little is known about their efficacy in 
pinniped species (see Chapter 27). Parenteral nutrition (PN) 
was administered to six severely malnourished (third-stage 
starvation) northern elephant seal pups or weanlings, using 
AminosynTM amino acid solution and Intralipid® lipid emul- 
sion. A 19-gauge spring-reinforced intravenous catheter was 
placed into the epidural sinus, and PN was administered with 
either a portable syringe pump housed in a water-resistant 
case secured to the patient by a harness, or by “bolusing” the 
solutions over a 1- to 2-hour time period three times daily 
while the seal was confined in a smaller area (approx. 1.5 x 
15 m [5 x 5 ft.] area; Frankfurter et al. 2014). CBC, serum 
chemistry, and electrolyte values were monitored regularly, 
and antibiotics and fluids were administered concurrently. 
Serum glucose, insulin, and glucagon levels indicated likely 
appropriate metabolic responses. Reintroduction of tube-fed 
oral electrolytes was initiated within 3-5 days, followed by a 
semielemental diet (Emeraid Piscivore®) for several days and 
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gradual incorporation of ground fish slurries. Although only 
one out of the six seals ultimately survived to be released, 
PN appeared to be safe and well tolerated by these gravely ill 
animals, and may be of great benefit to severely nutritionally 
compromised animals. 


Respiratory System 


Respiratory disease is common in pinnipeds, and these spe- 
cies are capable of masking severe disease. Canine distemper 
virus (CDV) has caused epizootics of pneumonia and death 
in Baikal seals (Phoca sibirica) and Caspian seals (Phoca 
caspica), and phocine distemper virus (PDV) has most fre- 
quently been associated with epizootics in harbor seals with 
occasional smaller mortality events in gray, harp, and hooded 
seals (Duignan et al. 2014). Ocular and nasal discharges, 
cough, cyanosis of mucous membranes, dyspnea, diarrhea, 
fever, and central nervous signs, such as depression or sei- 
zures, are observed in affected seals. Subcutaneous emphy- 
sema of the neck and thorax may occur as a sequelae to 
pulmonary damage, and seals may have difficulty swimming 
and diving (Siebert et al. 2010). Antemortem diagnosis may 
be detected by rising serum antibody titers, though animals 
may succumb to disease prior to developing a strong sero- 
logic response. Virus isolation is difficult, yet necessary to 
confirm identification of the virus. Treatment consists of sup- 
portive care, and controlling secondary bacterial infections 
that commonly cause death in infected seals (Baker and Ross 
1992). Antibiotics effective against Bordatella bronchiseptica, 
Corynebacterium spp., and Streptococcus spp. are recom- 
mended. Although clinical recovery is documented, CDV 
has been isolated from asymptomatic carriers (Lyons et al. 
1993). No commercially available vaccine for PDV currently 
exists, but commercially available attenuated CDV vaccine 
has been used to immunize stranded gray and harbor seals 
(Carter et al. 1992). Experimental inoculation of harbor seals 
with inactivated and subunit CDV vaccines have provided 
some protection from clinical disease (Visser et al. 1989, 1992; 
Van Bressem et al. 1991; Quinley et al. 2013). Most recently, 
vaccination of the wild population of Hawaiian monk seals 
(Neomonachus schauinslandii) was undertaken, because of 
the animals’ low abundance, the fact that the population is 
naive to PDV, and that they have potential for exposure to a 
devastating PDV or CDV epizootic (Aguirre et al. 2007). 
Influenza virus has also caused epizootics in harbor seals, 
with clinical signs similar to those in seals with PDV and 
CDV (Geraci et al. 1982; Anthony et al. 2012). These included 
dyspnea, lethargy, blood-stained nasal discharge, and sub- 
cutaneous emphysema, with pneumonia as the predomi- 
nant postmortem lesion. There is evidence for interspecies 
transmission between birds, seals, and humans, suggesting 
that seals can both become infected and transmit influenza 
viruses to other species (Webster 1981; Goldstein et al. 2013). 
Phocine herpesvirus-1 (PhHV-1) has caused pneumonia in 
neonatal harbor seals in rehabilitation (Borst et al. 1986), 


while another herpesvirus was isolated from a California sea 
lion with acute hemorrhagic pneumonia (Kennedy-Stoskopf 
et al. 1986). Diagnosis of both infections is based on viral iso- 
lation, and treatment is supportive. Harbor seals with pneu- 
monia associated with influenza virus were also infected with 
a mycoplasma, so therapy with antibiotics such as tetracy- 
clines may be beneficial (Geraci et al. 1984). 

Bacterial pneumonias are common in seals and sea lions, 
both as primary infections and secondary to viral and lung- 
worm infections. A variety of organisms may be involved, 
although Gram-negative organisms are most common (Keyes, 
Crews, and Ross 1968; Sweeney 1986a; Spraker et al. 1995; 
Thornton, Nolan, and Gulland 1998; Haulena et al. 2006; 
Jang et al. 2010). Clinical signs include tachypnea, dyspnea, 
lethargy, and cough. Diagnosis is based upon auscultation 
of the chest, radiography of the lung fields, and bronchos- 
copy. Treatment with the appropriate systemic antibiotic may 
be based upon prediction of the likely organism, or cul- 
ture and sensitivity of organisms from tracheal or bronchial 
washes (Johnson, Nolan, and Gulland 1998). Mucolytics such 
as acetylcysteine, and bronchodilators such as albuterol and 
aminophylline, have been used regularly on stranded harbor 
seals and California sea lions in rehabilitation. 

Pneumonia in otariids may occur with heavy infesta- 
tion of Parafilaroides decorus, although asymptomatic infec- 
tion is common in young animals. Parafilaroides gymnurus 
infects alveoli of phocids, and Ofostrongylus circumlitus 
may cause obstructive bronchitis and bronchiolitis in harbor, 
harp, and ringed seals, and yearling northern elephant seals 
(see Chapter 21). The degree of inflammatory response to 
Pardfilaroides infections varies from none to marked suppu- 
rative and granulomatous pneumonia. Reaction may be more 
severe to dead and degenerate worms. Diagnosis depends 
upon detection of larvae in feces or sputum. Treatment 
with fenbendazole or ivermectin removes infection, but in 
severe cases, simultaneous treatment with antibiotics and 
either corticosteroids or nonsteroidal anti-inflammatories is 
strongly recommended to control secondary bacterial infec- 
tions and reduce the inflammatory response to dying para- 
sites. Interestingly, a Brucella spp. isolate was obtained from 
the lung of a harbor seal with Parafilaroides spp. infestation 
(Garner et al. 1997). Histological examination revealed most 
of the inflammation and Brucella spp. to be around the dead 
parasites. A more recent study confirmed these findings in 
stranded harbor seals (Lambourn et al. 2013); however, the 
role of Parafilaroides spp. in the epidemiology of Brucella 
infections remains unclear. 

Pulmonary granulomas due to infection with Mycobacterium 
pinnipedii have been reported in captive and wild pinnipeds 
(Forshaw and Phelps 1991; Bastida et al. 1999; Cousins et al. 
2003; Jurczynski et al. 2011). An enzyme-linked immunosorbent 
assay (ELISA) test (Cousins 1987) and intradermal tuberculin 
tests have been used for diagnosis of infection in live pinni- 
peds, although interpretation of results is difficult (Needham and 
Phelps 1990; Jurczynski et al. 2012), and successful treatment of 
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clinical cases has not been documented. Similar lesions may 
also result from fungal infections. Coccidioides immitis and C. 
posadasii infections are not uncommon in pinnipeds through- 
out California (Fauquier et al. 1996, Huckabone et al. 2015), 
and Cryptococcus spp. (Mcleland et al. 2012) and Blastomyces 
dermatitidis (Zwick et al. 2000) infections have also been diag- 
nosed. Diagnosis is usually made postmortem based on histo- 
logical detection of organisms and culture as disease is generally 
advanced. Treatment has rarely been described, but a walrus 
with coccidioidomycosis was treated successfully with voricon- 
azole for years (Schmitt and Procter 2014). 


Cardiovascular System 


Anemia is common in young otariids as a consequence of 
hookworm (Uncinaria spp.) infestation, or secondary to 
malnutrition, and has also been reported in Mediterranean 
monk seals (A. Komnenou, pers. comm.). Affected animals 
are weak, are occasionally dyspneic, and have pale mucous 
membranes. Diagnosis of hookworm infestation is based on 
detection of ova in feces (see Chapter 21), although animals 
may remain anemic for weeks after patent infection ceases. 
Treatment with anthelmintics and supplementation with iron 
and vitamin B12 is usually effective. Nonregenerative anemia 
is seen in California sea lions as a consequence of chronic 
renal damage, usually as a result of leptospirosis (see below). 
Disseminated intravascular coagulation (DIC), characterized 
by bleeding from the nares, hematoma formation, throm- 
bocytopenia, hypofibrinogenemia, and extended clotting 
times, is relatively common in stranded northern elephant 
seals (Gulland et al. 1996b). It may occur with septicemia 
or vasculitis associated with migrating Otostrongylus larvae 
(Gulland et al. 1997a). Diagnosis of Ofostrongylus infesta- 
tion in live seals during the prepatent period is not currently 
possible, although clinical signs and season of occurrence 
are highly suggestive of infection. Clinicopathologic changes 
include elevated white blood count greater than 40,000 with 
a left shift, reduced platelet count, and increased aminotrans- 
aminases (ALT and GGT). Serum amyloid A, an acute phase 
protein, has the potential to serve as a diagnostic tool in 
prepatent Ofostrongylus infections in elephant seals prior 
to the development of clinical signs (Sheldon et al. 2015). 
Otostrongylus worms have also been found in the right ven- 
tricle and pulmonary arteries in California sea lions causing 
similar clinical signs as seen in elephant seals (Kelly et al. 
2005). Elephant seals with signs of DIC are treated with anti- 
biotics, corticosteroids, and supportive care, but therapy is 
rarely successful. A lysine analogue antifibrinolytic drug, 
e-aminocaproic acid (EACA), shows promise in treating the 
bleeding associated with prepatent Ofostrongylus arteritis in 
northern elephant seals (Kaye et al. 2016). Other cases of 
anemia have included hyperestrogenism-induced medullar 
aplasia in a gray seal (Lacave, pers. comm.) and hemolytic 
anemia of unknown origin in a northern fur seal (Chelysheva 
and Romanov 2008). 


Cardiac insufficiency in pinnipeds can be caused by 
cardiomyopathy related to toxin or capture stress, bacte- 
rial endocarditis, and heartworm infestation. In California 
sea lions, domoic acid (DA) toxicosis can cause a degen- 
erative cardiomyopathy associated with decreased cardiac 
contractility and cardiac output (Zabka et al. 2009; Barbosa 
et al. 2015). Serum troponin-I and EKG tracings are not 
predictive of the severity of DA-associated cardiomyopathy. 
Electrocardiograms described in otariids and phocids are 
consistent with other animals, and the ventricular activation 
(QRS complex orientation) falls into category B with swine, 
horses, and cetaceans (Hamlin, Ridgway, and Gilmartin 
1972; Dassis et al. 2016). Both ventricles depolarize simulta- 
neously in bursts of canceling activity, leading to potential 
limitations of using ECGs in pinnipeds for diagnosing car- 
diac pathology. Echocardiography is currently the only tool 
for diagnosis of cardiac insufficiency in sea lions affected 
by domoic acid. In South American fur seal pups, capture 
stress has also induced cardiomyopathy, characterized by 
myocardial contraction band necrosis and endothelial dis- 
ruption (Seguel et al. 2014). Bacterial endocarditis caused 
by Staphylococcus aureus and Escherichia coli has been 
documented as a cause of mortality in seals and sea lions 
and should be ruled out for cardiac insufficiency in pinni- 
peds (Kim et al. 2002, Chinnadurai et al. 2009). 

A variety of microfilarid species have been docu- 
mented in pinnipeds (see Chapter 21). Infection by either 
the canine heartworm Dirofilaria immitis or the phocid 
parasite Acanthocheilonema spirocauda may cause dila- 
tation of the pulmonary artery and right ventricle, and 
can be detected radiographically. Microfilaria observed 
in blood smears must be distinguished from those of the 
noncardiopathogenic fascial worm, A. odenhali. The vast 
majority of microfilaria noted in wild California sea lions 
are A. odenhali. Commercially available canine heartworm 
antigen tests cross-react with A. odendhali in California 
sea lions, and results from these tests should be inter- 
preted with caution when diagnosing heartworm in sea 
lions (Krucik, Van Bonn, and Johnson 2016). Successful 
treatment of documented heartworm cases has not been 
described. Preventive treatment of captive animals in 
D. immitis endemic regions with ivermectin at 0.6 mg/kg 
every month during the mosquito season is recommended, 
as well as removal of lice from stranded animals, as the 
seal louse Echinophthirius horridus has been shown to 
transmit A. spirocauda (Geraci et al. 1981). 

In phocids, patency of the foramen ovale (f.0.) and ductus 
arteriosus (d.a.) occurs longer after birth than is described in 
terrestrial mammals. The f.o. may be patent up to 7 weeks of 
age, and the d.a. may be patent up to 6 weeks of age with- 
out evidence of clinical consequence (Dennison et al. 2011a). 
Patency should only be considered abnormal if there is evi- 
dence of cardiac enlargement or hemodynamic derangement, 
and care should be taken not to fluid-overload the pups dur- 
ing initial days of treatment. 
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Urogenital System 


Leptospirosis, caused by pathogenic spirochetes within the 
genus Leptospira, is well recognized in free-ranging California 
sea lions stranded in northern California. Although rarer, 
infection has also been reported in Steller sea lions, north- 
ern fur seals, Pacific harbor seals, and northern elephant 
seals (Smith et al. 1977; Stamper, Gulland, and Spraker 1998; 
Stevens, Lipscomb, and Gulland 1999; Colegrove, Lowenstine, 
and Gulland 2005; Cameron et al. 2008). Antibodies, pro- 
viding evidence of prior exposure, have been detected in 
Hawaiian monk seals, New Zealand fur seals, and a bearded 
seal (MacKereth et al. 2005; Aguirre et al. 2007; Calle et al. 
2008). Clinical signs are best documented in California sea 
lions, and include depression, anorexia, polydipsia, dehydra- 
tion, vomiting, diarrhea, melena, oral ulcers, abdominal pain, 
and muscular tremors. Hematological changes include eleva- 
tions in blood urea nitrogen, phosphorus, sodium, creatinine, 
and neutrophil count. However, asymptomatic chronic infec- 
tion and leptospire shedding also occur (Prager et al. 2013, 
2015). 

Diagnosis is based on clinical signs and serum chemistry 
abnormalities consistent with leptospirosis, in addition to the 
absence of clinical signs suggestive of the other causes of azo- 
temia, G.e., amyloidosis, urogenital carcinoma, pyelonephritis, 
or severe dehydration). Infection can be confirmed through 
PCR detection of Leptospira DNA, or culture and isolation 
from urine or kidney tissue (Ahmed et al. 2012). To date, the 
only serovar isolated from free-ranging California sea lions 
and northern fur seals is L. interrogans serovar pomona, 
while both L. interrogans serovar pomona and L. kirschneri 
have been isolated from northern elephant seals (Smith et al. 
1977; Cameron et al. 2008; Zuerner and Alt 2009; Delaney 
et al. 2014). Several other LZ. interrogans serovars have caused 
renal disease in both managed and free-ranging pinnipeds 
(Calle et al. 2003; Kik et al. 2006; Patchett et al. 2009). Sea 
lions with single microscopic agglutination test (MAT) titers 
over 1:100 are considered exposed, but clinically active cases 
of L. interrogans serovar pomona in sea lions usually have 
titers greater than 1:3200 (Colagross-Schouten et al. 2002). 
Cross-reaction with other Leptospira serovars with the MAT 
is common, and therefore a positive MAT titer against a par- 
ticular serovar does not confirm infection with that serovar. 

Treatment consists primarily of supportive care directed 
toward the clinical manifestations of the individual animal, 
such as fluids, gastric protectants, and analgesics. In vitro, 
Leptospira are susceptible to many antibiotics, including those 
in the penicillin and tetracycline families, and a 10- to 14-day 
course is recommended. In California sea lions, there is cur- 
rently no evidence that penicillin-based antibiotics alone are 
effective in clearing an infection in vivo (Prager et al. 2015); 
however, a longer duration treatment course with tetracycline 
antibiotics may be effective in elimination of leptospiruria. 
Clinical signs and blood values can resolve with treatment, 
but, due to the severity of renal disease, roughly two-thirds of 


California sea lions presenting with clinical leptospirosis die 
despite treatment (Gulland et al. 1996c). 

Renal disease may also occur as a consequence of 
renal calculi, congenital renal aplasia, and amyloidosis (see 
Chapter 14). California sea lions diagnosed with amyloido- 
sis exhibited signs of renal disease, with elevated BUN, creat- 
inine, and phosphorus, plus hypoalbuminemia (Chinnadurai 
et al. 2008; Colegrove et al. 2009). Premortem diagnosis of 
amyloidosis requires a renal biopsy, and diagnoses of con- 
genital renal aplasia and renal calculi require radiography 
and ultrasound. Treatment of these rare conditions has not 
been reported. 

Urogenital tumors are common in free-ranging California 
sea lions (see Chapter 14). Clinical signs in these animals 
usually result from pressure on ureters and invasion of local 
organs. Initial presentation is often nonspecific with signs 
of malnutrition, and signs suggestive of metastatic cancer 
include posterior paresis, perineal and scrotal edema, asci- 
tes, and vaginal or rectal prolapse. Ultrasound often reveals 
hydroureter and hydronephrosis caused by ureter obstruc- 
tion. Additional diagnostic tools include abdominocentesis 
and cytology, radiology, and laparoscopic biopsy techniques. 
Treatment has not been attempted. Other tumors of urogeni- 
tal origin include renal cell carcinoma in a Steller sea lion 
(Romanov et al. 2015), choriocarcinoma in a California sea 
lion (Fravel et al. 2013), and an ovarian interstitial cell tumor 
in a South American sea lion (Biancani et al. 2010). 

Abortions and stillborn pups are frequently observed on 
pinniped rookeries. Leptospires (Gilmartin et al. 1976), herpes- 
viruses (Dietz, Heide-Jorgensen, and Harkonen 1989), calicivi- 
ruses (Smith and Boyt 1990), Coxiella burnetii (Lapointe et al. 
1999), high levels of DDTs (Gilmartin et al. 1976), and domoic 
acid (Goldstein et al. 2009) have all been reported in aborting 
pinnipeds. Unlike cetaceans, Brucella spp. have not been found 
to be the causative agent of abortion in pinnipeds despite some 
investigation. An aborted California sea lion fetus had positive 
immunostaining for Brucella spp. in the respiratory and repro- 
ductive tissue, and the placenta was culture positive; however, 
the dam suffered from concurrent DA toxicity, and thus the 
primary cause of the abortion remains unknown (Sidor et al. 
2008). Vaginal prolapse has been observed in California sea 
lions and Australian sea lions (Neophoca cinerea; Read et al. 
1982). Treatment of the latter by ovariohysterectomy was suc- 
cessful. Uterine torsions and ruptures have been observed in 
California sea lions with DA intoxication, and were believed to 
be consequences of severe convulsions (Gulland et al. 2000). 
In pregnant California sea lions intoxicated with DA, fetal and 
amniotic fluid may act as a reservoir of DA initially ingested by 
pregnant females. Clinical improvement is often observed in 
the adults after abortion of the pup. To induce abortion, dexa- 
methasone given at 0.25 mg/kg IM SID for 3-5 days is usually 
successful. If there is no response to dexamethasone, prosta- 
glandin F2 alpha (i.e., dinoprost tromethamine; Lutalyse®) at 
250 pg/kg IM SID for 3 days can be attempted, though a lower 
dose may also be successful. 
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Endocrine System 


Few primary endocrine disorders have been documented in 
pinnipeds. Both hyper- and hyponatremia are common in 
stranded animals (see Chapters 8 and 29), and may be con- 
sequences of inappropriate stress responses. Adrenal necrosis 
resulting from infection by a herpesvirus, PhHV-1, has been 
associated with severe electrolyte and glucose abnormalities 
in stranded neonatal harbor seals undergoing rehabilitation 
(Gulland et al. 1997b). 

Hypothyroidism has been suspected as attributing to obe- 
sity in captive California sea lions, and seems to be respon- 
sive to treatment with exogenous thyroid hormone. One 
adult, captive, California sea lion developed diabetes mellitus 
secondary to chronic pancreatitis. The animal was managed 
with glargine insulin injections, gastric protectants, and a 
high-protein, low-fat diet (Meegan et al. 2008). Environmental 
exposure of ringed seals to persistent organic pollutants in 
the Baltic Sea appears to affect endocrine homeostasis in 
these animals, though long-term health effects have yet to be 
described (Routti et al. 2010). 

Severely malnourished animals are frequently hypogly- 
cemic, and intravascular access in hypovolemic, minimally 
responsive, otariids can be challenging in an emergency sit- 
uation. Fravel et al. (2016) showed that intraperitoneal (IP) 
administration of a dextrose bolus (500 mg/kg) will increase 
blood glucose levels to the same degree as an IV bolus, and 
thus can be administered during a hypoglycemic crisis. In the 
authors’ experience, this technique has resulted in the suc- 
cessful revival of numerous hypoglycemic California sea lion 
and northern fur seal pups. 


Eyes 


Pinniped eyes are characterized by a large globe, prominent 
tapetum lucidum, rounded lens, and a narrow, tear-shaped 
pupil (Miller, Colitz, and Dubielzig 2010). The visual system of 
pinnipeds is adapted to both aquatic and terrestrial habitats, 
and most pinnipeds have good vision below the surface of 
the water in low light and above the surface in bright light 
(Wartzok and Ketten 1999). Pinnipeds have very active lacri- 
mal glands producing constant tears that protect the cornea. 
Lack of tearing is often used as an indication of dehydration. 

Eye lesions are common in both free-ranging and captive 
pinnipeds (see Chapter 23; Stoskopf et al. 1985; Schoon and 
Schoon 1992; Haulena, McKnight, and Gulland 2003; Colitz 
et al. 2010a,b). There may be an increased frequency of eye 
lesions in animals that are maintained in freshwater environ- 
ments (Sweeney 1986b; Dunn et al. 1996), but water quality, 
oxidation by-products, UV light exposure, viral infections, 
underlying uveitis, and trauma all contribute to the multifac- 
torial etiology of eye lesions in captive pinnipeds. Corneal 
lesions are most frequently encountered, followed by cata- 
racts, traumatic injuries, infectious processes, and neoplasia 
(Miller et al. 2013). Captive otariids are frequently affected 


by a form of progressive keratitis, characterized by corneal 
opacities, edema, recurrent ulceration, and blepharospasm 
(Colitz et al. 2010a). Chronic exposure to sunlight appears to 
be an important risk factor (see Chapter 31), and progres- 
sion of the disease is associated with secondary bacterial and 
fungal infections. Oral nonsteroidal anti-inflammatory drugs 
help to control pain and uveitis, and topical cyclosporine 
or tacrolimus appears to diminish recurrence of active dis- 
ease. Treatment of active infection is imperative, and topical 
(triple antibiotic suspensions, serum, or platelet-rich plasma) 
and oral medications typically include doxycycline to stabi- 
lize the corneal stroma and speed re-epithelialization, and 
for its ability to be secreted in the tear film (Solomon et al. 
2000; Freeman et al. 2013). Various bacteria have been cul- 
tured from traumatic lesions, conjunctivitis, and keratitis in 
pinnipeds (Thornton, Nolan, and Gulland 1998), and targeted 
therapy following culture and sensitivity is advised. 

Visually impaired pinnipeds will thrust their vibrissae for- 
ward if investigating noises or new surroundings. Although 
normal pinnipeds will also do this, visually impaired animals 
tend to exaggerate the action and extend their vibrissae for 
prolonged periods of time. The menace response may be 
difficult to evaluate, since the vibrissae are very sensitive to 
air movement. Visually impaired animals, if placed into new 
surroundings, may not avoid obstacles well, but can accom- 
modate very quickly using tactile and acoustic cues, mak- 
ing diagnosis of blindness difficult. Ophthalmic examination 
is difficult in pinnipeds because of a prominent nictitating 
membrane, strong eyelids, and the ability to retract the globe 
into the ocular cavity. Very narrow pupils limit visualization of 
internal eye structures such as the lens and retina, and pinni- 
peds do not tend to dilate their pupils very well when topical 
mydriatic agents are applied to the cornea. Retrobulbar block 
has been utilized to reverse the ventral rotation that frequently 
follows anesthesia, and this produces excellent mydriasis to 
examine the interior of the globe (Gutierrez et al. 2016). 

Cataracts are common in pinnipeds, and frequently lead 
to synechiae formation, anterior prolapse, and rupture of the 
globe (see Chapter 23). The lenses of young animals may be 
removed by phacoemulsification (Colitz et al. 2011; Esson et al. 
2015), but lenses in older animals are harder than in many ter- 
restrial species, and lensectomy is required in the majority of 
cases (Colitz et al. 2011). Lensectomy has also been performed 
following globe perforation in phocids (Colitz et al. 2013). 

Treatment of ocular lesions of pinnipeds is similar to that 
of domestic animals (see Chapter 23). However, the use of 
saline washes, most readily given as saltwater baths, appears 
to help decrease corneal edema. Both oral and topical anti- 
inflammatories and analgesics are helpful to treat pain associ- 
ated with uveitis and corneal ulcers. 


Nervous System 


Numerous infectious agents have been identified as the 
cause of neurologic disease in pinnipeds. Viral encephalitis 
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secondary to morbillivirus, herpesvirus, and influenza are com- 
monly reported, with small to very large-scale outbreaks in wild 
populations (Geraci et al. 1982, 1984; Phillippa et al. 2009; Philip 
Earle et al. 2011; Duignan et al. 2014; also see Respiratory 
section above and Chapter 17). Several cases of West Nile 
Virus (QWNV) and Eastern Equine encephalitis (EEE) virus 
have also been described in captive phocids (Stremme 2003; 
Dalton, Dickerson, and Wigdahl 2004; Gentz and Richard 
2004; McBride et al. 2008). A single case of rabies has been 
described in a ringed seal (Odegaard and Krogsrud 1981), 
and a novel parvovirus was detected in the brain of a harbor 
seal with meningoencephalitis (Bodewes et al. 2013). Clinical 
signs of these diseases are similar and may include depres- 
sion, lethargy, ataxia, coma, recumbency, tremors, seizures, 
and coma. Other body systems, particularly the respiratory 
system, may also be affected. Some viral infections may be 
diagnosed on the basis of rising antibody titers, although 
confirmation is often made postmortem on_ histological 
examination of brain tissue, using immunoperoxidase and 
immunofluorescent techniques. Treatment is supportive and 
may include fluids, anticonvulsants, anti-inflammatory medi- 
cation, and antibiotics for secondary infection. L-lysine sup- 
plementation did not alter the course of herpesvirus infection 
of harbor seal pups in a rehabilitation facility (Guarasci et al. 
2010), and the efficacy of antiviral medications in these spe- 
cies is unknown. Vaccination is recommended against WNV 
using a recombinant canarypox vaccine, because it induced 
presumptively protective antibody levels in Steller sea lions 
(Tuomi et al. 2014). Harbor seals (Schmitt, pers. comm.) and 
several phocid species, including endangered Hawaiian monk 
seals, have been safely vaccinated with a recombinant DNA 
vaccine against canine distemper virus (see Respiratory sec- 
tion above). 

Protozoal, bacterial, and fungal infections can cause simi- 
lar neurologic signs. Any number of bacteria may infiltrate the 
nervous system through hematogenous spread. Various fungi 
including zygomycetes (Sosa et al. 2013; Barnett et al. 2014), 
Coccidioides spp. (Huckabone et al. 2015), Cryptococcus spp. 
(Rosenberg et al. 2016), and Scedosporium apiospermum 
(Haulena et al. 2002) have been detected in nervous and other 
tissues (see Chapter 19). Toxoplasma gondii and Sarcocystis 
spp. infections have been found in numerous wild pinniped 
species and some captive individuals (see Chapter 20). 

Biotoxin exposure can also cause severe central nervous 
disease in pinnipeds. Neuronal necrosis in the hippocampus 
of California sea lions is caused by domoic acid (DA) exposure 
(Scholin et al. 2000; see Chapter 16). Common neurological 
signs include seizures, tremors, and ataxia. Repeated expo- 
sure to DA results in permanent hippocampal damage with 
memory loss and often a chronic epileptic state (Goldstein et 
al. 2008; Buckmaster et al. 2014; Cook et al. 2016). Treatment 
for biotoxin exposure is supportive and includes anticon- 
vulsants, fluid therapy, and anti-inflammatory medication. 
Control of seizures with lorazepam (longer antiseizure effect 
than other benzodiazepines), midazolam, diazepam, or other 


benzodiazepines, and phenobarbital is beneficial. Current 
treatment for DA toxicosis at The Marine Mammal Center 
includes phenobarbital (4 mg/kg IM twice daily for 2 days, 
then 2 mg/kg IM or PO twice daily for 5 days) and lorazepam 
(0.2 mg/kg IM twice daily for the first 1-2 days, or longer 
as needed to control seizures). Subcutaneous (SC) fluids and 
dexamethasone (in the absence of ocular ulcer) are also gener- 
ally administered for the first few days. An additional 0.2 mg/ 
kg lorazepam is given IM if seizures do not stop 10-15 minutes 
after the first dose, and a third dose may also be given. If sei- 
zure activity does not stop after three doses of at least 0.2 mg/ 
kg lorazepam (over approximately 45 minutes), euthanasia is 
recommended due to poor prognosis. Alpha-lipoic acid (ALA), 
a powerful antioxidant that crosses the blood-brain barrier, 
is also currently being administered to sea lions that strand 
at TMMC with DA toxicosis (10 mg/kg SC once daily), in an 
effort to reduce oxidative damage secondary to neuronal dam- 
age and necrosis. Successful control of idiopathic seizures in a 
captive adult California sea lion has been achieved with 1 mg/ 
kg SID oral phenobarbital (Gage, pers. comm.), and a young 
California sea lion with intracranial structural anomalies using 
oral phenobarbital 4 mg/kg once daily (Dold et al. 2005). 

Various anomalous and developmental brain lesions have 
been identified in pinnipeds. Pneumocerebellum, attributed to 
gas bubble formation, was noted in two stranded California 
sea lions (Van Bonn et al. 2011, 2013). Intracranial space- 
occupying lesions, usually tumors, have caused seizures in cap- 
tive sea lions. Although hydrocephalus occurs in young stranded 
elephant seals (Trupkiewicz, Gulland, and Lowenstine 1997), 
sudden death, rather than neurological signs, usually occurs. 
Other reported congenital and anomalous neurologic abnor- 
malities in various pinnipeds include hemicerebral anomalies 
(McKnight et al. 2005), bilateral caudate nucleus inflammation 
(Dennison et al. 2011b), cerebral infarction (Stevens et al. 2010), 
and discospondylitis (Tuomi et al. 2004); and multicentric neu- 
rofibromatosis was diagnosed in a geriatric California sea lion 
(Rush, Ogburn, and Garner 2012). 

Thiamine deficiency is common in pinnipeds fed with 
frozen fish, particularly fish with high thiaminase content, 
and can result in polioencephalomalacia with acute neuro- 
logical signs. Antemortem diagnosis is based on clinical signs 
and lack of supplementation, coupled with diet evaluation 
and response to supplementation, as clinicopathologic find- 
ings are generally nonspecific (Croft et al. 2013). Thiamine- 
dependent enzyme activity (transketolase) in blood and tissue 
samples can also be measured. Hyponatremia presents with 
similar clinical signs, and is also diagnosed by a combina- 
tion of history of lack of supplementation (particularly in 
freshwater), plasma biochemistry, and response to treatment 
with sodium chloride (Geraci 1972b). Electrolyte imbalances 
associated with renal disease and/or nutritional deficiencies 
may also cause neurological signs (see Chapters 8 and 29). 
Selenium toxicosis was reported for several captive California 
sea lions that were fed with a diet later found to be high in 
selenium (Edwards et al. 1989). 
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Surgery 


Surgical procedures for pinnipeds are generally comparable 
to those of canids with some species-specific adjustments. 
Commonly performed procedures are described below, and 
many are summarized in Higgins and Hendrickson (2013). 
Ocular surgery is discussed in Chapter 23. 

Surgical procedures of the integument generally include 
mass removal, biopsy collection, and wound debridement 
and care. Standard sterile and surgical technique should be 
followed, including clipping hair from the affected site, sterile 
preparation of the incision site, and sterile procedure. Care 
should be taken with fur seals to minimize clipping, due to 
these species’ reliance on fur for thermoregulation. An alter- 
native to clipping in fur seals is to part the hair down the inci- 
sion line using a tight comb, such as a flea comb, and apply 
betadine gel to prepare the skin, a technique used in sea otter 
surgical procedures (gel prepared by combining 12 ml beta- 
dine solution with 4.5-ounce sterile, water-based, lubricant; 
Murray, pers. comm.). 

As pinnipeds generally recline on, and often ambulate 
on their ventral surface, surgical approach should be dor- 
solateral when possible to avoid contact of the incision site 
(postoperatively) with the ground. The thick hypodermis 
(blubber layer) often necessitates good retraction for proper 
exposure. Closure of skin and deeper layers should include 
tension relieving suture patterns in most areas, due to high 
tension and pressure on tissues. The hypodermis has poor 
holding capacity, and in healthy individuals is at least several 
centimeters thick, and even thicker in more robust animals. 
Tension-relieving suture patterns in this location are particu- 
larly important, as this layer must be closed to reduce dead 
space. Incisions that are full thickness Gnto the abdomen), or 
deep tissues, should be closed with four or five layers to help 
prevent dehiscence. Staples and sutures are both effective in 
closing the skin. Pain control with opioids and/or NSAIDS 
is strongly recommended perioperatively and postoperatively 
for most invasive procedures (see Chapter 27 for drugs and 
dosages). 

The duration of time to return an animal to water postop- 
eratively varies greatly, though is only occasionally reported. 
Return to water may depend largely on the procedure, spe- 
cies, status (free-ranging vs. captive), and incision location. 
Free-ranging California and Steller sea lions with satellite tag 
transmitters implanted into the abdomen were returned to 
enclosures with access to water within hours postsurgery 
(Horning et al. 2008). None of the animals experienced 
dehiscence or infection of the surgical site. In the authors’ 
experience, contamination of surgical sites with urine and 
feces, especially over the abdomen and extremities, can lead 
to infection and dehiscence; thus, most animals are allowed 
full-time access to water within a matter of days to a week. 
Alternatively, animals may be given access to water daily for 
restricted periods of time for hygiene, feeding, and comfort. 


Contamination of a surgical site by waterborne pathogens 
is also possible; thus, regular monitoring of incision sites is 
required. If not allowed access to water, animals should be 
kept in a clean, dry area with a smooth surface, particularly if 
surgery was performed on the ventrum or extremities. 

Surgery of the musculoskeletal system frequently involves 
long bone or phalanx repair or amputation, and skull trauma 
including dental surgery. Fracture repair of long bones is rarely 
reported in the literature. One report describes the placement 
of a string-of-pearls locking plate, impregnated with antibiot- 
ics, to repair a closed, complete transverse diaphyseal fracture 
of the tibia of a 2-week-old gray seal (Hespel et al. 2013). 
A yearling California sea lion that presented with osteomy- 
elitis of the left carpus was successfully released following 
fusion of the joint, using external fixation (Field, unpubl. data; 
Figure 41.1). 

Initial systemic antibiotic treatment of the infection with 
multiple different antibiotics was unsuccessful; thus, poly- 
methylmethacrylate (PMMA) beads impregnated with ami- 
kacin were placed around the joint, two rows of pins were 
placed in the radius and metacarpals, and PMMA bars made 
of thermoplastic polymeric material were placed to stabilize 
the joint (Figure 41.2a and b). 

The fixator was removed 6 weeks later, following suc- 
cessful joint fusion. 

Amputation of phalanges, digits, or limbs is not uncom- 
mon when bone is exposed or infection cannot be controlled 
with antimicrobial drugs. A nerve block using a local anes- 
thetic, such as lidocaine or bupivacaine, is strongly recom- 
mended for both pain control and to help reduce minimal 
alveolar concentration (MAC) for general anesthesia. Phalanx 
amputation is common and similar to other species. It is of 
particular importance to preserve as much of the surround- 
ing tissue as possible by undermining around the affected 
bone(s) to allow adequate subcutaneous tissue and skin 


External fixation device on the dorsal surface of a 
California sea lion yearling front flipper. 


Figure 41.1 
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Figure 41.2 (a, b) Dorsoventral and lateral radiographs of the exter- 
nal fixation device of California sea lion yearling with osteomyelitis 
incorporating the left carpus. Polymethylmethacrylate antibiotic impreg- 
nated beads are visible in the joint. 


closure. A dorsal approach is recommended, since these dis- 
tal sites are in regular contact with the ground, and the dorsal 
surface is easily visualized for recheck examination. If insuf- 
ficient tissue is present to entirely close the end of a joint or 
limb, mid-diaphyseal amputation of the next proximal bone 
is recommended to prevent high tension and dehiscence of 
the incision site. 

Partial or complete front or hind flipper amputations have 
also been performed with return to normal, or near normal, 
locomotion. The impact of amputation surgery on the ability 
of free-ranging animals to successfully forage for live prey 
and have adequate mobility on land should be strongly con- 
sidered prior to the procedure, and must be assessed prior 
to releasing the animal. Figure 41.3 depicts the successful 
amputation of the right hind flipper of a yearling California 
sea lion at the level of the coxofemoral joint subsequent to 
severe limb damage (Figure 41.4). 

The joint was approached from the lateral aspect and 
care was taken to isolate and ligate the blood vessels around 
the joint (Da Costa Gomez, pers. comm.). Soft tissue over the 
tarsus/tibiotarsus is particularly limited and difficult to close; 
thus, mid-diaphyseal amputation of the tibia and fibula with 


Figure 41.3 California sea lion yearling post-amputation of right hind 
flipper at the coxofemoral joint using a lateral surgical approach. 
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Figure 41.4 Dorsoventral radiograph of hind limbs of a California sea 
lion yearling prior to leg amputation. Findings include right femoral 
distal diaphyseal fracture with metaphyseal and epiphyseal lysis, 
displaced and lytic patella, and proximal tibial fracture with epiphyseal 
and diaphyseal lysis. 


closure using surrounding muscle and skin is recommended. 
This technique is described by Garcia et al. (2015) for harbor 
seal weanlings suffering from necrotizing infections of the 
tarsus or tibiotarsal joint. Bandage maintenance is challenging 
in these species, even when maintained out of water, given 
their fusiform body shape and their aquatic environment. 

Surgeries involving the pinniped skull are generally con- 
fined to dental surgery and mandibular repair secondary to 
trauma. Fractured and loose teeth should be extracted (see 
Chapter 22). Lewer et al. (2007) described a case of closed 
left mandibular fracture in a geriatric harbor seal, which 
healed successfully after 12 months with the use of an oral 
dental acrylic splint and cerclage wire. A bilateral mandibular 
fracture in a 12-year-old South African fur seal was reduced 
and plated using two 35 mm positioning and compression 
device (PCD) plates and autotype screws (Flanagan et al. 
2009). Both fractures resolved within 2 months. A harbor seal 
pup that stranded with a closed, complete fracture of the right 
caudal mandible developed a bony sequestrum at the fracture 
site. A ventral approach was used to debride the lesion and 
place an intraosseous wire. Canine trabecular bone powder 
and equine lamellar cortical bone matrix were used, along 
with platelet-rich plasma as a graft. The seal did well postop- 
eratively (Rosenberg et al. 2015). 


Surgery of the respiratory tract of pinnipeds has not been 
reported in the literature, despite common occurrence of 
severe respiratory disease. Tracheal perforation secondary to 
entanglement in monofilament fishing line occurs occasion- 
ally in free-ranging pinnipeds. Successful repair of tracheal 
perforation in California sea lions has been accomplished 
by initial debridement to freshen wound edges, and release 
incisions of existing scar tissue, to decrease tension. Mucosal 
margins of the trachea are closed with simple interrupted 
sutures, if possible. Overlying muscle layers are closed with 
interrupted horizontal mattress and cruciate sutures followed 
by standard closure of subcutaneous and skin layers with 
tension-relieving sutures (Da Costa Gomez, pers. comm.) 

Abdominal surgery is performed most commonly for 
gastrotomy, or for procedures involving the reproductive 
tract. Esophageal surgery for fishhook removal has been per- 
formed in Hawaiian monk seals, as well as partial glossec- 
tomy of necrotic lingual tissue for the same reason (Barbieri 
et al. 2013; Levine, pers. comm.). Gastric foreign bodies are 
not uncommon in pinnipeds and are often found incidentally 
on necropsy of free-ranging pinnipeds with no evidence of 
associated pathology. Many animals will regurgitate or vomit 
foreign objects, or objects may be retrieved using gastros- 
copy. Surgery is indicated for gastric impaction, gastric perfo- 
ration, fishhooks embedded in tissue, or other severe disease. 
The pinniped stomach is strongly u-shaped, but is otherwise 
similar to the canine. Gastrotomy for fishhook removal has 
been performed in numerous Hawaiian monk seals (Levine 
and Barbieri, pers. comm.). Gastric impaction by rocks, sand, 
or other abnormal ingesta is frequently noted in juvenile 
harp and hooded seals that strand on the east coast of the 
United States (Helmick, Dunn, and St. Aubin 1995) and west- 
ern European coast (Alonso-Farre et al. 2011). The reason for 
foreign material ingestion is unknown, and seals are often 
critically dehydrated with severe gastric disease on presenta- 
tion. Rehydration and administration of mineral oil and small 
amounts of water through an orogastric tube may allow sand 
and smaller rocks to pass, or in some cases rocks can be 
removed through endoscopy or laparoscopically. Gastrotomy 
was successful in treating rock impaction in a stranded juve- 
nile harp seal with concurrent severe pneumonia (Figure 
41.5). 

This harp seal was maintained on IV fluids and antibiot- 
ics, IM famotidine, and oral fluids and mineral oil for nearly 
3 weeks until the pneumonia had resolved sufficiently to 
allow surgery (Field, Schuh, and Tuttle 2009). 

Intestinal surgery has also not been reported in the lit- 
erature, though a variety of intestinal diseases, including 
gastric torsion, gastric or mesenteric volvulus, intussuscep- 
tion, obstruction, and other surgical conditions have been 
found on necropsy. Laparotomy on a severely debilitated 
free-ranging Hawaiian monk seal with a jejunal intussuscep- 
tion was initially successful; however, the animal died sev- 
eral days later secondary to mesenteric torsion (Levine and 
Barbieri, pers. comm.). Though these severe intestinal diseases 
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Figure 41.5 Radiograph of a juvenile harp seal with gastric impaction 
from rock ingestion. 


appear relatively uncommon, a successful outcome generally 
requires rapid diagnosis and surgical intervention. 

Surgery of the reproductive tract has been reported for 
both male and female pinnipeds. Ovariohysterectomy was 
performed in a South Australian fur seal with a vaginal pro- 
lapse; the procedure was performed similar to that of a dog, 
with a ventral midline incision, exteriorization of the uterus, 
ligation of the ovarian, broad ligament and uterine vessels, 
and ligation of the uterine body at the cervix, using overlap- 
ping horizontal mattress sutures followed by oversewing of 
the uterine stump (Read et al. 1982). Caesarian section has 
been performed in California sea lions (Schmitt, pers. comm.) 
and in an 8-year-old harbor seal with uterine torsion. In this 
case, the dam became acutely lethargic and anorexic, and the 
fetal heart rate and movement were reduced. The uterine tor- 
sion prevented cervical dilation and pup expulsion, and the 
pup was successfully resuscitated following surgical interven- 
tion. The uterus was closed in two layers, the abdomen in 


four layers, and the skin effectively sealed with Dermabond 
(Gili, pers. comm.). Most other reported abdominal proce- 
dures, including gastropexy for a hiatal hernia, ovariectomy 
(Dover et al. 2004), and tissue biopsies, have been performed 
laparoscopically (see Chapter 25). 

In male pinnipeds, orchiectomy has been performed in 
a number of otariids (scrotal testes); however, this proce- 
dure is rarely performed in phocids because their testes are 
para-abdominal. Otariid testes can retract strongly, so cas- 
tration of mature males during breeding season when the 
testes have descended may be advantageous. If out of sea- 
son or if animals are immature, testes can be pushed into 
the scrotum with rectal manipulation. A prescrotal incision 
is generally recommended, and the procedure can be done 
closed or open. Open is recommended for mature animals 
to ensure adequate ligation of larger vessels. Two cases of 
partial penis amputation subsequent to persistent paraphi- 
mosis were reported in South African fur seals (Lacave, 
Guglielmi, and Mantratz 2008). One animal required partial 
os penis amputation and urethral reconstruction; the other 
required amputation of the tip of the penis; both recovered 
well. 
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Introduction 


The walrus is the only extant species of the family Odobenidae, 
with two and possibly three subspecies: the Atlantic wal- 
rus (Odobenus rosmarus rosmarus), the Pacific walrus 
(Odobenus rosmarus divergens), and the putative Laptev Sea 
walrus (Odobenus rosmarus laptevi). Recent work on walrus 
genetics suggests that the Laptev Sea walrus is most likely 
the westernmost population of the Pacific walrus (Lindqvist 
et al. 2009). An extensive review of the biology of the walrus 
by Fay (1982) remains the definitive work more than 30 years 
later. The scientific name means “red tooth walker,” the color 
referring to the tint of the skin due to cutaneous vasodila- 
tion that occurs when a cold animal emerges from cold arctic 
waters and warms in the sun. Walruses are found only in 
the arctic, and are highly ice-associated, although fossils and 
occasional live individuals have been recorded as far south as 
California and Spain (Fay 1982; Born et al. 2014). Their pres- 
ent range includes parts of the United States (Alaska), Canada, 
Greenland, Norway, and Russia. The walrus is listed by the 
IUCN as a “vulnerable” species (Lowry 2016). 

Walruses are sexually dimorphic, with males larger than 
females. Pacific walruses are slightly larger than Atlantic 
walruses (in body mass and tusk length, but perhaps not in 
length). Male Pacific walruses measured 320 cm (126 in.) in 
length and weighed 1,210 kg (2,668 lb.), and females mea- 
sured 270 cm (106 in.) and weighed 832 kg (1,834 lb.); male 
Atlantic walruses measured 315 cm (124 in.) in length and 
weighed 1,114 kg (2,456 lb.), and females measured 277 cm 
(109 in.) and weighed 720 kg (1,587 lb.; Garlich-Miller and 
Stewart 1998). The largest known individual was 380 cm 
(150 in.) in length and 1,883 kg (4,150 Ib.; McClain et al. 2015). 
Equations describing walrus growth functions, body surface 
area, and organ weights are available (Fedoseev et al. 1977; 
Knutsen and Born 1994; Garlich-Miller and Stewart 1998). 
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Biology 


Pacific walruses undertake a seasonal migration, with the 
entire population gathering south of the Bering Straits as sea 
ice forms in the fall and winter. Walruses overwinter in the 
pack ice of the frozen Bering Sea. In the spring, most females 
migrate northward as the sea ice retreats, bearing their calves 
as they go; and, historically, females spent the summer 
months feeding at the edge of the pack ice in the Chukchi 
Sea. Between feeding bouts, female walruses haul out onto 
drifting ice flows and are passively moved to new feeding 
locations as they rest. Walruses spend only about 17% of their 
time resting on ice flows (Udevitz et al. 2009). Most males stay 
in the Bering Sea and populate favored haul-outs on isolated 
island beaches on both the Russian and American coasts. This 
migratory pattern is being threatened by the increasing loss of 
seasonal summer sea ice in the arctic. The ice edge has been 
retreating further north beyond the continental shelf and over 
water too deep for walruses to feed. As a consequence, large 
herds of female walruses and pups now regularly haul-out 
on the northwestern shore of coastal Alaska (Fischbach et al. 
2016) and must make longer, energetically demanding trips to 
reach favorable feeding areas. These land haul-outs increase 
the risk of trampling of calves, and even adults if the herd is 
disturbed (Udevitz et al. 2013; Goertz et al. 2016). 


Feeding 


Walruses are generally not deep divers, although this may 
depend on prey availability, coastal habitat, and sea ice 
conditions. Gjertz et al. (2001) equipped nine male Atlantic 
walruses with dive recorders and found that average dive 
duration was 24 minutes, at an average depth of 22.5 m 
(74 ft), with a maximum depth of 67 m (220 ft). The pri- 
mary prey of walruses are benthic invertebrates, such as mol- 
lusks, clams, and crabs. While bivalves are often thought to 
be primary prey of walruses, other invertebrates such as gas- 
tropods, worms, decapods, amphipods, sea cucumbers, and 
cnidarians may be more important than previously reported 
(Sheffield et al. 2001; Sheffield and Grebmeier 2009). Walruses 
drag their tusks along the bottom, exploring bottom sedi- 
ments using their vibrissae and eyes. Walruses can discrimi- 
nate fine details as small as 3 mm (0.2 in.) using the haptic 
sensitivity of their vibrissae (Kastelein, Stevens, and Mosterd 
1990); there are about 600-700 vibrissae in 13-18 rows (Miller 
1975a). Prey are excavated by rooting and hydraulic jetting 
(Kastelein and Mosterd 1989). Walruses can excavate and con- 
sume more than six clams per minute. A flipper, usually the 
right one, may be used by the animal to fan sediments away 
from the head and expose the siphons of its bivalve prey 
(Levermann et al. 2003). Fanning of the sediments away from 
the face suggests a role for vision in prey detection, which is 
supported by observations of captive walruses. Tusks of wild 
walruses are often flattened anteriorly due to wear, and their 


vibrissae are generally shorter than those of captive walruses. 
Mollusks are removed from their shells by a powerful suc- 
tion of up to 119 kPa that is created by a sudden pistonlike 
retraction of the brick-shaped tongue (Kastelein, Muller, and 
Terlouw 1994). The shells are generally not ingested; indeed, 
for some species (e.g., Mya truncata), only the siphons are 
ingested (Welch and Martin-Bergmann 1990). The large, 
arched maxilla and hard palate and the muscles of the tongue 
are adapted to help produce the suction used for feeding and 
prey handling (Kastelein and Gerrits 1990; Kastelein, Gerrits, 
and Dubbeldam 1991, Jones, Ruff, and Goswami 2013). 

An adult female walrus feeding on the bottom of the 
Chukchi Sea consumes up to 193 kJ/kg body mass daily, and 
this daily intake requires the walrus to use the resources 
found in 140 m? of some of the most energy-dense areas 
of the sea bottom (Tu et al. 2015). In the Bering Sea, Pacific 
walruses consume about 3 million metric tons (about 3%) 
of biomass yearly (Fay 1982). Perturbation of the benthic 
sediments produces feeding furrows the width of a walrus’s 
snout. Walrus feeding furrows have been found in benthic 
sediments as deep as 53 m (174 ft.) in the Chukchi Sea, and 
these furrows may be important to the health on benthic 
biota (Nelson et al. 1987). Nonreproductive female walruses 
had a caloric demand of 16,000-69,000 kcal/day (7-14% of 
body mass), or the equivalent of 3,200-5,900 clams per day 
(Noren, Udevitz, and Jay 2012). 

Wild walruses occasionally prey upon seals, seabirds, and 
waterfowl (Lowry and Fay 1984, Mallory et al. 2004; Lovvorn 
et al. 2010; Fox et al. 2010). Walruses may utilize warm- 
blooded prey more frequently during periods of nutritional 
stress (Seymour, Horstmann-Dehn, and Wooller 2014a, 2014b). 


Reproduction 


Male walruses become sexually mature between 7 and 
10 years of age (Fay 1982). Fertility of female Pacific walrus 
begins at about 4 years of age, with age-specific fertility rates 
of 89% at age 7 and 100% at age 10 (Fay 1982). Sexual matu- 
rity may occur earlier in captive walruses. Female Atlantic 
walruses showed biennial ovulation, with a pregnancy rate of 
0.33 and a birth rate of 0.30, indicating they gave birth only 
once every 3 years (Garlich-Miller and Stewart 1999). 
Walruses are seasonal polygamous breeders. Male Pacific 
walruses rut in midwinter January—March) when the size of the 
testicles, which lie outside the abdominal wall, within the blub- 
ber layer at the base of the penis, increases due to spermatogen- 
esis (Fay 1982; Fay, Ray, and Kibal’chich 1984). Breeding male 
walruses compete for access to groups of females hauled out on 
ice flows. They sing complex, underwater songs that may serve 
to keep subdominant males at bay and attract females; more 
than one dominant male may approach the females and sing 
(Sjare, Stirling, and Spencer 2003). Females appear to exercise 
choice in which males they approach and mate with. A limited 
study of one captive male walrus indicated he preferred a female 
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walrus with tusks, even when also in the company of an estrous 
female without tusks (McCord et al. 2016). Copulation occurs 
in the water (Estes and Gol'tsev 1984; Sjare and Stirling 1996). 
In captivity, males may exhibit sexually oriented displacement 
activities such as masturbation and playing with toys (McCord 
et al. 2016). Captive males attempting to mate with females may 
inflate their pharyngeal pouches as both visual and vocal dis- 
play (McCord et al. 2016). 

Fay (1982) details the female walrus breeding cycle. 
The gestation period of walruses is 15 months or more, 
with a 4-month period of embryonic diapause (or delayed 
implantation) that is characteristic of many pinnipeds. 
However, walruses are unique in that gestation extends 
through the following breeding season, limiting calf pro- 
duction to once every 2 years. As with other pinniped spe- 
cies, twinning is rare (Fay et al. 1991). Births take place 
on the ice from April to mid-June, peaking in mid-May 
(Fay et al. 1984), and newborn calves weigh 45—60 kg (88—- 
110 Ib.). Walruses depart from the typical pinniped nurs- 
ing strategy in that the pup suckles at sea, staying with its 
mother for an extended period as she moves away from 
the natal site. This allows for extended nursing and an 
extended nursing period of up to 2 years (see Chapter 10). 
Interestingly, almost 75% of wild Pacific walrus calves pre- 
fer to keep their mothers on their left side (Karenina et al. 
2017). Calves seeing their mothers from their left eye (right 
brain hemisphere) bonded more closely to their mothers 
and showed a lower frequency of separations from their 
mothers compared to calves who maintained their mothers 
on their right sides. 


Diet 


Almost all walruses in zoos were brought into captivity as 
wild-born calves; some of these have bred and given birth to 
healthy calves in captivity. Walrus calves orphaned by sub- 
sistence hunting, and at risk of starvation, have occasionally 
been obtained from the wild. Details of calf rearing are given 
in Chapter 30. 

The growth rate of wild walrus calves is about 0.41 kg/ 
day (1 Ib./day; Kovacs and Lavigne 1992). A thorough study of 
the energetics of Pacific walrus calves (Noren, Udevitz, and Jay 
2016) found that male calves were leaner than female calves, 
but calves of both sexes had similar growth patterns, with 
mean mass increasing from 68 kg (150 lb.) at birth to 301 kg 
(664 lb.) at 2 years old. Total energy requirement during the 
first month after birth for calves of both sexes was 19,000 kcal/ 
day. Suckling walrus calves have the potential to deplete 23 kg 
(51 Ib.) of their mother’s body mass in the first month after birth 
if the mother’s milk is not supplemented by feed. For 2-year 
olds, the daily caloric demand was 26,900 kcal and increased 
to 93,370 kcal/day for lactating and pregnant walruses (Noren, 
Udevitz, and Jay 2014). Although pregnancy only minimally 
increased caloric consumption, lactation had a large effect on 


nursing females, causing an increase in consumption to 15% of 
body mass each day (Noren, Udevitz, and Jay 2012). 

In captivity, postweaned walruses are generally fed a 
diet of shelled clams, herring, and capelin, and can consume 
30-60 kg (66-132 lb.) of food daily (Wallach 1972). The diet is 
generally limited to those items facilities can acquire in large 
volume. 


Physical Examination 


Walruses under human care can be trained to voluntarily 
allow a physical exam (see Chapter 39). As with other ani- 
mals, physical examination begins with visual assessment of 
body condition, looking at the general body shape, and more 
specifically, whether underlying bones are visible or exces- 
sive skin folds are present. Walruses under human care can 
be trained to walk onto a scale, and their weights can easily 
be monitored. If an individual animal can be immobilized or 
trained to accept voluntary ultrasound, very accurate (up to 
99%) measurements of pinniped blubber thickness can be 
made (Mellish, Tuomi, and Horning 2004). Blubber thickness 
of captive female walruses varies topographically (1.9-10.7 cm; 
0.75-4.0 in.), indicating that the site of measurement is impor- 
tant (Noren et al. 2015). The standard site in pinnipeds for 
measuring blubber thickness is ventral, at the xiphoid pro- 
cess of the sternum on a line between the anterior insertion 
of the pectoral fins (Committee on Marine Mammals 1967). 
However, in the walrus, blubber thickness measured by ultra- 
sound was most predictive of body condition when measured 
dorsomedially at the shoulders, on the girth at the level of the 
anterior insertion of the pectoral flippers (rather than ven- 
trally; Noren et al. 2015). 


Vital Rates 


Wild hauled-out male walruses had a mean resting respira- 
tory rate of 3.3 + 0.3 (range 2.7-3.7) breaths/minute and a 
mean heart rate of 36 + 3.7 (range 29-43) beats/minute as 
measured using a portable electrocardiograph (Bertelsen, 
Acquarone, and Born 2006). Visual observations of the tho- 
rax gave a respiratory rate of 4.5 breaths/minute (Stirling and 
Sjare 1988) and a heart rate of 52-66 beats/minute in wild 
walruses (Griffiths, Wiig, and Gjertz 1993). While hauled out, 
respiration is regular, with pauses <30 seconds during quiet 
sleep, and arrhythmic with apneic periods of up to 160 sec- 
onds, during rapid eye movement sleep (Pryaslova et al. 2009). 
Breathing while in water was considerably more irregular, 
with apneic periods >4 minutes. 

Infrared thermography imaging of the eyes may be useful 
to monitor body temperature (Melero et al. 2015). As deter- 
mined by infrared thermography, following haul-out, the 
eye of a Pacific walrus took 5 minutes to stabilize to 29.9°C 
(86°F) in an animal with a rectal temperature of 36.2 + 0.38°C 
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(97.2 + 32.6°F). As mentioned, walruses newly emerged from 
the ocean often have a pale, almost gray tint to their skin, 
which reverts to reddish brown upon warming. Walruses 
possess a thick layer of insulating blubber, but their hair is 
sparse, lacks waterproofing, and contributes little to thermal 
insulation. “Thermal windows” (areas of greater-than-average 
heat exchange on the body surface) occur primarily on the 
hind flippers and have been detected through infrared imag- 
ing (Rodriguez-Prieto et al. 2013). 


Restraint, Sedation, and Anesthesia 


Walruses are large animals armed with tusks they use as 
defensive weapons; because of their high body mass, even 
juvenile walruses represent a hazard during handling. 
Fortunately, walruses can be readily trained to accept han- 
dling and sampling. Small animals can be netted for restraint, 
if they lack behavioral training. Sedation of walruses under 
human care has been achieved with diazepam at 9 mg/kg 
PO and midazolam at 6 mg/kg IM, providing moderate seda- 
tion sufficient for a tusk trim (Fravel unpubl. data). Anesthesia 
of walrus under human care is discussed in Chapter 26. 
Brunson (2014) stated, “Walruses are one of the most difficult 
marine animals to anesthetize.” 

Field immobilizations of wild walruses have been done 
with a potent opioid (carfentanil or etorphine), alone or in 
combination with an alpha-agonist such as medetomidine, 
and ketamine (Mulcahy et al. 2003; Acquarone et al. 2014; 
Griffiths, Born, and Acquarone 2014). Typically, the opioid 
was reversed with naltrexone or diprenorphine. Mortality 
rates were very high (from 13% to 50%) when large numbers 
of animals were immobilized, and as a result, few organiza- 
tions sanction the chemical immobilization of wild walruses. 
Therefore, there is a real need for further research on walrus 
immobilization to allow more sophisticated research questions 
to be addressed and to permit safer medical interventions. 


Specimen Collection and 
Diagnostic Techniques 


Most diagnostic techniques with captive walruses require 
some level of operant conditioning unless anesthesia is used 
(see Chapter 39). Blood can be collected from metatarsal 
and epidural veins; the caudal gluteal vein is also accessible. 
A phlebotomy site may be identified on the dorsum of the 
hind flippers (Figure 42.1) using ultrasound (Figure 42.2). 
This site is best accessed using a 3.8 cm, 21-gauge needle 
with a syringe attached. The needle is directed perpendicular 
to the flipper (Fravel unpubl. data). 

Radiology has some use, limited by the large body 
size of the animal, but the extremities can be easily radio- 
graphed. Radiographs of the head can be taken, especially of 
young animals, but the superimposition of the tusks of larger 


Figure 42.1. Venipuncture site on the tarsus. The arrow points to the 
tarsal vessel, which runs anterior to posterior along the tarsal—metatarsal 
area. The needle is inserted perpendicular to the vessel. 
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Figure 42.2 Ultrasound image of the tarsal vessel in cross section 
utilizing a 13-6 MHz linear probe. 


animals interferes with the interpretation of bony structures. 
Gastroscopy is an important tool for diagnosis and assess- 
ment of gastric foreign bodies, and walruses under human 
care can be trained to accept the use of an endoscope. 
Ultrasound assessment is of limited use in large animals but 
can be used to assess gastrointestinal motility, abdominal 
organ structure, cardiac contractility and pulse quality, pleu- 
ral surface, pregnancy, reproductive seasonality changes, or 
fluid-spacing disorders (e.g., ascites). The kidneys can be 
visualized using ultrasound from the dorsal aspect of the 
body. Biopsies of skin and blubber may be taken for assess- 
ment of skin diseases, nutritional state, and the presence of 
contaminants. Skin and blubber biopsies are taken from wild 
walruses by use of a biopsy dart projected by a crossbow 
(Wiig et al. 2000). 
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Medical Problems and 
Other Conditions 


Because so few walruses are held in captivity—only 25 in 
2012 in North America—medical information has been dif- 
ficult to acquire and is anecdotal in nature. Much of the spe- 
cific medical information available has come from the capture 
of wild animals for research purposes or from examination 
of subsistence-hunted animals. Table 42.1 lists infectious 
agents found or surveyed for in captive and wild walruses. 


Cardiology 


Little is known about cardiac problems in walruses. It is dif- 
ficult to affix electrocardiograph leads to large walruses, and 
motion artifacts due to respiration must be expected; thus, clin- 
ical use to date has been limited to detection of arrhythmias 
(Fine and Tobias 1998). Respiratory sinus arrhythmia occurs as 
a result of cardiorespiratory linkage to the diving reflex. 
Among the cardiac problems reported, a 25 year-old 
captive walrus that died following 2 months of inactivity, 
anorexia, and weight loss was found on necropsy to have 
atherosclerosis of the cardiac arteries and chronic myocardial 
infarction with severe myocardial fibrosis (Gruber et al. 2002). 
Two walrus calves died in the 1960s, one from an undescribed 
congenital heart lesion and one from congestive heart failure 
(Pournelle 1962). Necropsies of older captive walruses have 
diagnosed age-related arteriosclerosis (Schmitt pers. comm.). 


Dermatology 


Walrus skin is covered with short, sparse hairs, making the skin 
potentially susceptible to ultraviolet light (UV) exposure; due 
to ozone loss, UV exposure may be increasing in the Arctic. A 
recent study of the skin of Atlantic walruses found histopatho- 
logic changes (microvesicles, cytoplasmic vacuolation, and intra- 
cellular edema) in the skin, although gross lesions of sunburn 
(blisters, erythema) were not detected, and a survey of walrus 
hunters did not produce testimonies of increasing skin problems 
(Martinez-Levasseur et al. 2016). The reddening of the skin of 
hauled-out walruses has been attributed to vasodilation for the 
purpose of thermoregulation, but a role for UV exposure in skin 
damage has been speculated (Martinez-Levasseur et al. 2016). 

Walruses under human care often get focal to multifocal 
areas of local swelling and pustule formation that resolve with 
topical therapy. Their etiology is unknown. Orphaned calves 
brought into captivity developed small skin abscess from 
which Staphylococcus, Streptococcus, and Pseudomonas were 
isolated, possibly transmitted from the freshwater used to 
wash the infants following feedings (Brown 1963). Antibiotic 
treatment quickly eliminated the abscesses. 

Walruses are frequently infected with lice (Antarctophthirus 
trichechi) that commonly inhabit the skin folds (Leonardi and 
Palma 2013). Fifty years ago, a heavy infestation of lice around 


the nostrils and vibrissae of recently captured calves was suc- 
cessfully treated by the addition of copper to the seawater in 
their enclosure (Brown 1963), but improvements in therapeutic 
shampoos (ie., pyrethrin-based flea and tick shampoos) have 
replaced this treatment. 


Neoplasms 


There are few published reports of neoplasias in walruses, 
probably a result of their remote, relatively pristine habi- 
tats and the relatively small number of animals held in 
captivity. Tumors were found in 18 of 107 subsistence- 
harvested Pacific walruses (Fleetwood, Lipscomb, and 
Garlich-Miller 2005). A co-occurring pulmonary mast cell 
tumor and pulmonary paraganglioma were described from 
a hunter-killed Pacific walrus (Seguel et al. 2016). A res- 
cued 4-year-old male walrus presented during rehabilita- 
tion with a large thoracic hematoma that had an underlying 
chondrosarcoma of the thoracic ribs (Schmitt pers. comm.). 
Additional neoplasms identified in aged walrus include a 
squamous cell carcinoma of the conjunctiva, basal cell car- 
cinoma of the skin, and neuroendocrine neoplasia (Schmitt 
pers. comm.). 


Neurology 


Seizures, possibly caused by ingestion of an unknown toxin, 
occurred in calves in captivity (Brown 1963). Treatment was 
supportive, and the seizures eventually stopped. Sarcosystis 
neurona caused seizures and death due to encephalitis in a 
21-year-old male Pacific walrus (Fravel unpubl. data). 


Ophthalmology 


Conjunctivitis and a corneal ulcer (that resolved with anti- 
biotic and steroid treatment) developed in several calves 
held in captivity; trauma from vibrissae of cage mates was 
suspected (Brown 1963). In a survey of captive pinnipeds, 
lens abnormalities were found in the eyes of one of the two 
walruses examined (Colitz et al. 2010). Holding walruses in 
water of low salinity or in constant exposure to UV light 
increases the prevalence of cataract formation and conjunc- 
tivitis and scleritis. 


Respiratory 


Several calves developed transient respiratory disorders (.e., 
inappetence, slight fever, nasal discharge) in their first year of 
captivity but did not require treatment (Brown 1963). Later, 
however, the same calves developed fever, dyspnea, cough, 
and considerable nasal and oral mucus discharge and were 
treated with antibiotics before being returned to their exhibit 
(Brown 1963; Gage, Negrini, and Quihuis 2002). One wild- 
born walrus calf died in captivity from peracute pneumonia 
(Pournelle 1962). 


Table 42.1 
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Potential Disease Agents Detected in Walruses (Odobenus rosmarus) 


Pathogen 


Bacteria 

Brucella sp. 

Brucella sp. 

Clostridium botulinum Type E 
Clostridium perfrigens Type A 
Leptospira interrogans 


Otariodibacter oris 
Salmonella 

Fungi 

Blastomyces dermatitidis 
Coccidioides immitis 


Parasites 
Anisakis alata 
Anisakis simplex 
Antarctophthirus trichechi 
Antarctophthirus trichechi 
Antarctophthirus trichechi 
Corynosoma validum 
Dipetalonema spirocauda 
Diphyllobothrium cordatum 
Diphyllobothrium fayi 
Diphyllobothrium fayi 
Microphallus orientalis 
Orthosplanchus oculatus 
Nasal mites (Orthohalarachne 
attenuata, O. diminuata, 
Halarachne halichoeri) 
Neospora caninum 
Orthohalarachne attenuata 
Pseudoterranova deciiens 
Toxoplasma gondii 
Toxoplasma gondii 
Toxoplasma gondii 
Trichinella nativa 
Trichinella sp. 
Trichinella spiralis 
Viruses 
Calicivirus 
Canine adenovirus 
Canine distemper virus 
Canine distemper virus 
Dolphin morbillivirus 
Dolphin rhabdovirus 
Gammaherpesvirus 


Prevalence 


0/40 
7/59 
0/1 
1/1 
0/40 pomona 
0/40 hardjo 
0/40 icterohaemorrhagiae/ 
copenhageni 
0/40 canicola 
3/40 grippotyphosa 
1/1 and 6/6 


0/1 
17/102 
0/158 
14/102 
13/102 
15/102 

1 


Test/Technique 


Tube/card agglutination 
ELISA 

Isolation 

Isolation 

Microscopic agglutination 


Isolation 
Isolation 


Serology/histopathology 
Immunodiffusion/complement 
fixation 


Necropsy 

Digestion 
Observation/microscopy 
Review 

Necropsy 

Review 

Examination 

Electron and light microscopy 


Microscopy 
Microscopy 
Microscopy 
Examination 


Agglutination test 
Rhinoscopy 

Digestion 

Modified agglutination test 
Modified agglutination test 
Direct agglutination test 
Digestion 

Digestion 

Microscopy 


PCR 

ELISA/virus neutralization 
Virus neutralization 
ELISA/virus neutralization 
ELISA/virus neutralization 
ELISA/virus neutralization 
PCR/histpathology 


Reference 


(Calle et al. 2002) 

(Nielsen, Nielsen, and Stewart 1996) 
(Miller 1975c) 

(Murnane, Kinsel, and Briggs 1997) 
(Calle et al. 2002) 


(Hansen et al. 2012a, 2012b) 
(Calle et al. 1995) 


(Case et al. 2002) 
(Schmitt and Procter 2014) 


(Hsti 1933) 

(Pufall et al. 2012) 

(Brown 1963) 

(Leonardi and Palma 2013) 
(Wallach and Williamson 1968) 
(Van Cleave 1953) 

(Eley 1981) 

(Protasova et al. 2006) 
(Rausch 2005) 

(Yurakhno 1968) 

(Yurakhno 1969) 

(Fay and Furman 1982) 

(Dubey et al. 2003) 

(Fravel and Procter 2016) 

(Pufall et al. 2012) 

(Dubey et al. 2003) 

(Dubey et al. 2009) 

(Elmore et al. 2012) 

(Leclair et al. 2004) 

(Leclair et al. 2003) 

(Born, Clausen, and Henriksen 1982) 


(Melero et al. 2014) 
(Philippa et al. 2004) 
(Osterhaus et al. 1988) 
(Philippa et al. 2004) 
(Philippa et al. 2004) 
(Philippa et al. 2004) 
(Melero et al. 2014) 


(Continued) 
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Table 42.1 (Continued) Potential Disease Agents Detected in Walruses (Odobenus rosmarus) 


Pathogen Prevalence Test/Technique Reference 
Influenza 8/38 AGID/hemagglutination (Calle et al. 2002) 
inhibition 
Influenza 0/54 AGID (Danner et al. 1998) 
Influenza 0/210 ELISA (Nielsen, Clavijo, and Boughen 2001) 
Influenza 8/38 Agar gel immunodiffusion (Calle et al. 2002) 
Morbillivirus 65/131 Virus neutralization (Nielsen et al. 2000) 
Morbillivirus - Receptor sequence (Ohishi et al. 2010) 
Parainfluenza virus type 3 0/102 ELISA/virus neutralization (Philippa et al. 2004) 
Phocine distemper virus 0/40 Virus neutralization (Calle et al. 2002) 
Phocine distemper virus 3/3 Virus neutralization (Duignan et al. 1994) 
Phocine distemper virus 6/102 ELISA/virus neutralization (Philippa et al. 2004) 
Phocine herpesvirus 0/102 ELISA/virus neutralization (Philippa et al. 2004) 
Poxvirus 1/1 PCR (Melero et al. 2014) 
San Miguel sea lion virus 3/40 Virus neutralization (Calle et al. 2002) 
San Miguel sea lion virus-5 2/155 Virus neutralization (Barlough et al. 1986) 
San Miguel sea lion virus-6 0/68 Virus neutralization (Barlough et al. 1988) 
San Miguel sea lion virus-8 4/155 Virus neutralization (Barlough et al. 1986) 
San Miguel sea lion virus-8 0/68 Virus neutralization (Barlough et al. 1988) 
Tillamook calicivirus 0/155 Virus neutralization (Barlough et al. 1986) 
Tillamook calicivirus 0/228 Virus neutralization (Barlough et al. 1987) 
Tillamook calicivirus 0/40 Virus neutralization (Calle et al. 2002) 
Vesicular exanthema of 4/40 Virus neutralization (Calle et al. 2002) 
swine virus 
Walrus calicivirus 1/155 Virus neutralization (Barlough et al. 1986) 
Walrus calicivirus 0/40 Virus neutralization (Calle et al. 2002) 
Walrus calicivirus NA Isolation (Ganova-Raeva et al. 2004) 
Walrus calicivirus N/A Isolation (Smith et al. 1983) 


Note: Referenced here are common results from both conference proceedings’ abstracts and journal articles. AGID = agar gel immunodif- 
fusion; ELISA = enzyme-linked immunosorbent assay; PCR = polymerase chain reaction. Dash (-) indicates not applicable or can- 


not be determined. 


Copious nasal discharge due to nasal mites (Orthohalarachne 
attenuata) in an adult female walrus was diagnosed following 
training and using rhinoscopy without anesthesia (Fravel and 
Procter 2016). The discharge and infection resolved following 
treatment with ivermectin (0.2 mg/kg PO) in two doses 2 weeks 
apart. The facility continues to treat the walrus yearly with this 
dose of ivermectin in order to prevent recurrence. 


Dentistry 


Perhaps the most well-known characteristic of walruses is 
the extreme growth of the maxillary canines into tusks, 
which can grow up to 1 m @.2 ft.) in length. In the wild, 
tusks of females tend to be slender compared to those of 
males. Rarely, a walrus is seen with a “twin” of one or both 
tusks (Caldwell 1964). Important functions of the tusks are 
social display, fighting to establish dominance in the herd, 
and for defense (Miller 1975b). Walruses use their tusks to 


help lever their bodies onto ice, a process that gave rise 
to their genus “Odobenus,” meaning “tooth walker.” In 
addition, tusks play a functional role in prey gathering by 
positioning the mouth and sensory vibrissae for feeding on 
benthic invertebrates. 

Walruses have two sets of teeth during their lives; the pri- 
mary set is usually absorbed before birth, and the second set 
starts their growth before birth (Fay 1982). Gingival eruption 
of teeth starts at about 5-6 months of age and begins on the 
mandible (Kryukova 2012). 

Winer et al. (2016) have described walrus dentition and 
lesions. Some variation in adult dentition has been reported, 
but the probable dental formula is I 1/0 C 1/1 PM 3/3-4 M 
0/0. All postcanine teeth are single-rooted with a simple 
crown that is frequently worn flat from grinding prey; up to 
91% of teeth may show wear. Walruses under human care 
can develop points on the postcanine teeth that can cause 
irritation to the gingiva. Filing the sharp points can easily 
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be accomplished in a trained animal to help prevent further 
gingival trauma. Tooth fractures are largely limited to tusks, 
and. periodontitis is rare. Signs of temporomandibular joint 
osteoarthritis were remarkably common in museum speci- 
mens (60%) and significantly more common in adults and 
males than in subadults or females (see Chapter 22). 

Captive walruses may be predisposed to tusk damage 
due to their tendency to explore their generally hard-sided 
enclosures with their tusks. Captive walruses commonly 
develop dental disease that is often presaged by tusk abra- 
sion or damage (Bartsch and Frueh 1971). In one study of 
museum specimens, three-quarters of the fractured teeth 
were tusks (Winer et al. 2016). Tusks can be severely abraded 
by the walrus rooting at the floor and walls of their enclo- 
sure. Extension of the periapical abscesses or pulpitis into 
the frontal sinus can produce a draining fistula on the face. 
Treatment with antibiotics and supportive care is effective 
in some cases (Brown 1963). Metal caps have been placed 
over the distal tips of walrus tusks to prevent wear and dam- 
age (Gage, Negrini, and Quihuis 2002; Willis, Proudfoot, and 
Ramer 2002). Surgical extraction is done to treat infected 
tusks (Cornell and Antrim 1987; Mori et al. 1996). Tusks can 
be removed by excavation from the central pulp cavity out to 
the peripheral bone Gnternal collapsing) or by a mucoperi- 
osteal flap method (Kertesz and Harrison 2002). The apex of 
the tusk alveolus must be thoroughly curetted to remove all 
germinal odontogenic tissues. A case of tusk regrowth fol- 
lowing surgical removal was likely the result of incomplete 
initial excision (Cook, Klein, and Welsch 1989). 


Gastrointestinal Disease 


Due to the suction mode of walrus feeding and their general 
behavioral curiosity, the ingestion of foreign bodies is not uncom- 
mon. Afflicted walruses may show inappetence and behavioral 
signs of abdominal pain, including depression, and remain on 
land. Standard veterinary approaches to gastric problems (anti- 
inflammatory and antispasmodic drugs, mineral oil, and fluid 
therapy) should be the first mode of intervention. If these are 
ineffective, laparoscopy, if the animals will permit it, may help 
in defining the problem (Hagenbeck, Lindner, and Weber 1975). 

Laparotomies are difficult to perform in walruses and are 
not recommended; this is primarily due to their thick skin, 
large body mass, difficulty in establishing secure incisional 
closures, and susceptibility to anesthetic death. 

Two cases of chronic regurgitation causing weight loss 
have been described in captive walruses (Flynn 1987; Gage et 
al. 2000). Treatment by gradually increasing feedings to satia- 
tion and with haloperidol (20 mg in the morning and 15 mg 
in the evening, PO) was successful, and the drug was gradu- 
ally withdrawn (Gage et al. 2000). Haloperidol should only 
be used with great caution, as a rehabilitated walrus died 


from haloperidol toxicosis after presenting with neuroleptic 
malignant syndrome (see Chapter 27; Schmitt pers. comm.). 
One wild-caught walrus calf died in a zoo from a mesenteric 
volvulus (Pournelle 1962). 


Skeletal 


The vertebral formula for the male Atlantic walrus is C7-Th15— 
15-S4—Cy7, and for the female, it is C7-Th14-L6-S4—Cy7, but the 
number and dimensions of vertebral bodies may vary (Piérard 
and Bisaillon 1983). Walruses have a large bony os penis (bac- 
ulum) measuring up to 540-624 mm in length (Scheffer and 
Kenyon 1963; Fay 1982). Bacula may be fractured during intra- 
specific combat but can heal, leaving a distinguishable callus 
and sometimes, displacement of the longitudinal axis of the 
bone at the fracture site (Capasso 1999; Bartosiewicz 2000). 


Miscellaneous Diseases 


A fatal case of blastomycosis (Blastomyces dermatiditis) in 
a captive walrus in the enzootic region for the disease was 
temporally associated with construction excavation (Case et 
al. 2002). Prophylactic treatment with antifungal drugs during 
construction was suggested as a means of reducing the risk 
of future infections. 

One case of persistent urachus in a neonate was described 
(Cornell, Golden, and Osborn 1975). One case of exten- 
sive degenerative hypertrophic osteopathy was described 
in a skeleton of an Atlantic walrus (Piérard, Bisaillon, and 
Lariviere 1977). 


Sleep 


When on land, the electroencephalogram (EEG) pattern of 
sleep in captive walruses resembles that of otariids (slow- 
wave sleep with regular respirations), but walrus resemble 
phocid seals (sleep while apneic, both underwater and while 
at the surface, with brief periods of consciousness during 
breathing) when sleeping in water (Lyamin et al. 2012). 
Captive Pacific walruses showed long periods of constant 
swimming (40-84 hours) alternating with shorter periods 
(2-19 hours) hauled out on land for rest (Pryaslova et al. 
2009). Slow waves occur synchronously in both hemispheres 
(90% when on land and 97% when in the water), but short 
periods of interhemispheric asymmetry occurred, usually 
when the walrus opened a single eye (Lyamin et al. 2012). 
Madan and Jha (2012) propose that adaptation of marine 
mammals to an aquatic life has caused the near elimination 
of the rapid eye movement sleep state. Wild walruses inflate 
their pharyngeal pouches to provide flotation when resting 
or sleeping in the water (Fay 1960). 
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Introduction 


The order Sirenia is comprised of two families of herbivo- 
rous aquatic mammals, Dugongidae (dugong, extinct Steller’s 
sea cow) and Trichechidae (Amazonian manatee, West 
African manatee, and two subspecies of West Indian manatee 
[Antillean and Florida; Table 43.1)). 

Sirenians’ closest taxonomic relatives are elephant 
(Proboscidae) and hyrax (Hyracoidea). All extant spe- 
cies are listed as vulnerable by the International Union for 
Conservation of Nature (UCN 2016). Much of this chapter 
will focus on the Florida (FL) manatee. Detailed information 
on dugongs is available elsewhere (Marsh, Eros, and Webb 
2000; Woods, Ladds, and Blyde 2008). 


Natural History 


Sirenians are adapted for tropical and subtropical climates, 
with Florida, USA, being at the northern extreme of their range 
(Reep and Bonde 2006). FL manatees inhabit coastal areas of 
the southeastern United States, primarily FL, with their range 
extending to Texas (USA) and the mid-Atlantic US coast during 
the summer. Recent population estimates in FL are approxi- 
mately 6,350 individuals (95% CI: 5,310-7,390; Martin et al. 
2015). Florida manatees are currently listed as “threatened” 
under the US Endangered Species Act and are protected under 
the US Marine Mammal Protection Act. Manatees inhabit 
marine, brackish, and freshwater environments typically 
at depths of 1-4 meters (3-12 feet), coinciding with coastal 
seagrass beds and rivers (Reep and Bonde 2006). They have 
no predators, low genetic diversity, low metabolic rates, and 
life spans of more than 50 years (Reep and Bonde 2006). FL 
manatees are semisocial, except for cows and calves that form 
strong bonds for 1-2 years (Hartman 1979; Larkin 2000). 
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Table 43.1 


Family Sirenia 
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Genus and Length, Nose 
Species Common Name _ toTail Tips (m) Mass (kg) Distribution Sources 
Dugong dugon Dugong A: 2.7 avg., up A: 250-300 Coastal waters Murphy 2003; Nowak 
to 3.3 avg., up to 400 of Indo-Pacific 1999; Odell 2002; 
C: 1-1.3 C: 20-35 Reynolds and Odell 
1991 
Trichechus West African A: 3-4 A: <500 Coastal waters, rivers, Domning and Hayek 
senegalensis manatee and lakes of west- 1986; Murphy 2003; 
central Africa Nowak 1999; Odell 
2002; Reynolds and 
Odell 1991; Walsh and 
Bossart 1999 
Trichechus Amazonian A: 2.8-3 A: 450-480 Freshwater rivers and Domning and Hayek 
inunguis manatee lakes of Amazonian 1986; Murphy 2003; 
basin Nowak 1999; Odell 
2002; Reynolds and 
Odell 1991; Walsh and 
Bossart 1999 
Trichechus West Indian Saltwater, brackish water, Converse et al. 1994; 
manatus manatee and freshwater Domning and Hayek 
(2 subspecies) 1986; Murphy 2003; 
Nowak 1999; Odell 
2002; Reynolds and 
Odell 1991; Walsh and 
Bossart 1999 
Tm. manatus Antillean A: 1.85-2.7, up A: max 1000 West Indies, Caribbean, 
manatee to 3.5 coastal waters and rivers 
of Mexico, Central 
American, northeastern 
South America 
Tm. latirostris Florida manatee A:2.7-4,avg.3 A: 400-1,775, Coastal waters and rivers 
C: 1.2-1.4 avg. 400-600 of southeastern United 
males, max States 
1,600 females 
C: 18-45, avg. 
30 


Source: Adapted from Nolan, E. C., and M. T. Walsh, Sirenians (manatees and dugongs), in Zoo Animal and Wildlife Immobilization 
and Anesthesia, 2nd edition, ed. G. West, D. Heard, and N. Caulkett, 693-702, Ames, IA: John Wiley & Sons, Inc., 2014. 


Note: A= adults; C = calves at birth. 


Rescue and Rehabilitation 


An active rescue, rehabilitation, and release program coordi- 
nated by the US Fish and Wildlife Service (USFWS) has been 
in place for FL manatees since 1974 (Reep and Bonde 2006; 
Adimey et al. 2016). Between 1973 and 2014, 1,619 manatees 
were rescued (assisted on site and released, or brought into a 
facility for rehabilitation), and 526 individuals were released after 
rehabilitation (US Fish and Wildlife Service 2012, 2014). Table 
43.2 lists the numbers and reasons for rescue of FL manatees 
between 2005 and 2015 with outcomes, data from 2011-2015 are 
preliminary. Anthropogenic causes were the primary reasons for 
rescue. This is also true for 7’ manatus in Puerto Rico (Mignucci- 
Giannoni et al. 2000). Adimey et al. (2016) evaluated postrelease 


tracking of individuals released from the FL program over a 
26-year period and described several variables likely to predict 
success or failure to acclimate into the wild after release, includ- 
ing age at time of rescue and duration of time in rehabilitation. 
Similar rescue and rehabilitation programs have been estab- 
lished for West Indian and Amazonian manatees in Central and 
South America (Negrao et al. 2007; Adimey et al. 2012). 


Anatomy and Physiology 


Manatees are large and fusiform with a round, dorsoventrally 
flattened tail fluke or paddle; in contrast, dugongs have a laterally 
compressed peduncle and forked flukes. FL manatees are the 
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Table 43.2 Florida Manatee Rescue, Rehabilitation, and Release in the United States between 2005 and 2015* and Outcomes 


of Rescue Response 


Unsuccessful 

Total Capture Died 
Watercraft injury 188 1 112 
Entanglement/entrapment 293 32 6 
Cold stress syndrome 147 1 51 
Red tide 36 4 8 
Unsuitable habitat 14 0 0 
Poor body condition 19 0 7 
Orphan calf 99 0 51 
Buoyancy disturbance 14 0 4 
Tidally stranded 70 0 0 
Other 73 2 19 
Total 953 40 258 


Conditionally 


Nonreleasable Releasable Released Unknown 
1 5 69 0 
1 0 254 0 
1 1 93 0 
0 0 24 0 
0) 0 14 0 
0 0 12 0 
0 11 35 2 
0 0 10 0 
0 0 70 0 
0 0 52 0 
3 17 633 2 


Source: Adapted from USFWS, Manatee Rescue, Rehabilitation, and Release Program Database, US Fish and Wildlife Service Files, 
www.fws.gov/northflorida/Manatee/Rescue-Rehab/manatee-rescue-rehab.htm [accessed March 24, 2017], 2014. 


*Data from 2011 to 2015 are preliminary. 


largest of the extant Sirenian species (Table 43.1), and females 
are typically larger than males. Males have a genital opening 
just caudal to the umbilicus, while female genital openings are 
just cranial to the anus. Males also often have longer pecto- 
ral flippers for grasping females during mating. Gross features 
described by Reep and Bonde (2006) include densely mineral- 
ized bones (pachyosteosclerotic) to aid in buoyancy control, a 
thin epidermis and very thick dermis, highly tactile lips that 
contain perioral bristles (modified vibrissae), a flexible and pre- 
hensile upper lip, and dorsally located nostrils with valves that 
close during diving. Manatees (but not dugongs) have only six 
cervical vertebrae (Buchholtz, Booth, and Webrink 2007). 
Ocular structures have been described in detail (Hartman 
1979; Harper, Samuelson, and Reep 2005; Mass and Supin 
2007; McGee et al. 2009; Samuelson et al. 2009 and 2011). 
Eyes are small and nearly spherical. Florida and Antillean 
manatees have vascularized corneas (Harper, Samuelson, and 
Reep 2005; Ambati et al. 2006; Mass and Supin 2007), whereas 
dugongs do not. Corneal vascularization does not appear 
to impact vision (Harper, Samuelson, and Reep 2005; Mass 
and Supin 2007). 7) manatus have modified ocular glands 
(Samuelson et al. 2009) and prominent conjunctival-associated 
lymphoid tissue (Samuelson et al. 2007, 2011; McGee et al. 
2008), and lack a traditional nasolacrimal system (Samuelson 
et al. 2007). Extraocular muscles are modified and unique; the 
palpebral fissure closes in a small rounded point similar to a 
miotic pupil (Samuelson et al. 2009; see Chapter 23). 
Manatees have molariform teeth and lack canines and inci- 
sors, which are replaced by gingival plates (Reep and Bonde 
2006). All dugongs have tusks (incisors), but these only erupt at 
puberty in males and in some very old females. Manatees (but 
not dugongs) undergo molar progression, whereby the most ros- 
tral teeth, as they wear, are slowly replaced by new teeth behind, 
with an unlimited supply (see Chapter 22). Sirenia are hindgut 
fermenters, and both manatee and dugong gastrointestinal (GD 


transit times average 7 days. Detailed descriptions of manatee 
and dugong GI tracts are available (Lemire 1968, Marsh, Heinson, 
and Spain 1977; Reynolds 1980; Reynolds and Krause 1982; 
Snipes 1984; Langer 1988; Colares 1994; Reynolds and Rommel 
1996). Notable features include a discrete accessory digestive 
gland (cardiac gland) in the stomach, unique gastric mucosal 
histology and glands, large duodenal ampulla and diverticulae, 
a large cecum with diverticulae (horns), and a prominent colon. 

The manatee thoracic system is well detailed by Rommel 
and Reynolds (2000). Manatees have two single-lobed, elongate 
lungs that lay dorsally, each within its own horizontal pleural 
cavity. The diaphragm is uniquely in a horizontal plane, dor- 
sal to the heart, does not attach to the sternum, and extends 
the entire length of the body cavity, roughly 40% of the total 
body length. It attaches medially to bony projections extending 
ventrally from the vertebral bodies forming two distinct hemi- 
diaphragms. The transverse septum is a separate structure ori- 
ented in a transverse plane, perpendicular to the diaphragm, 
which separates the heart from the liver and viscera. The heart 
of the FL manatee and the dugong is dorsoventrally flattened 
and has a distinct external separation between the ventricles, 
often occupied by fat, resulting in a double ventricular apex 
(Rowlatt and Marsh 1985; Siegal-Willot et al. 2006). 


Reproduction 


FL and Amazonian manatees and dugongs are seasonal breed- 
ers (Larkin 2000; Sheldon et al. 2012). FL manatees have an 
estrous cycle of 28-42 days (Larkin 2000). Sexual maturity 
typically occurs at 3-5 years of age but may be related to size 
rather than age (Walsh and de Wit 2015). Gestation averages 
14 months (Larkin et al. 2007), and calves are dependent 
on their cows for approximately 2 years (Reep and Bonde 
2006). Transplacental transfer of immunoglobulins has been 
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documented in 7! manatus (McGee et al. 2013). Single offspring 
are usual with a calving interval of 25-3 years; twinning is rare 
(Reep and Bonde 2006). Neonates nurse from axillary teats 
underwater for 3-5 minutes every 1-2 hours (Reep and Bonde 
2006). Manatees are polygynous, and herds of males often pur- 
sue females (Larkin 2000), in some cases resulting in mortality 
of the females from myositis and exhaustion (Harr et al. 2008; 
Walsh and de Wit 2015). Dugongs become sexually mature at 10 
years of age and have a 13-month gestation (Walsh and de Wit 
2015). Access these additional references for further information 
on reproduction (Marsh, Eros and Webb 2000; Rodrigues et al. 
2008; Tripp et al. 2008; Chavez-Pérez et al. 2015; see Chapter 10). 


Husbandry 


Minimum housing and care requirements for Sirenia housed in 
facilities in the United States are listed in the Animal Welfare Act 
and Animal Welfare Regulations (US Department of Agriculture 
(USDA) 2013). Manatees have been housed successfully in vari- 
ous pool designs, water volumes, and depths. FL manatees can 
be housed in freshwater or saltwater, but animals housed in 
saltwater have thrived when provided a source of freshwater 
for drinking. Water temperature should be kept between 25 
and 30°C (77-86°F). Filtration systems must be able to remove 
large food and fecal bioloads. Chlorine (Kl part per million) 
and ozone can be used as for other marine mammal habitats 
(see Chapter 31), though eye damage may occur from excess 
oxidant use. Facilities should have a medical pool, ideally with 
a false bottom floor to lift animals out of water for medical 
access, or with the ability to be drained and filled rapidly. 

Sirenia are obligate herbivores that feed on a variety (at 
least 60 species) of freshwater and marine plants at all depths 
within the water column. Nutritional content differs between 
commercially produced lettuce and natural aquatic vegetation 
(Siegal-Wilott et al. 2010). However, diets of mixed greens (let- 
tuces, spinach, cabbage, kale), commercially produced her- 
bivorous primate pellets (Monkey Diet, PMI International, Inc., 
Brentwood, MO, USA), and a variety of other fruits, vegetables, 
grasses, and hays consumed by terrestrial herbivores have been 
successful in captivity. A manatee-specific pellet diet has been 
produced and fed to FL manatees (Cardeilhac et al. 2003). Food 
should be offered at multiple levels within the water column 
to include submerged feeders, floating food, and partially sub- 
merged feeders along enclosure walls. FL manatees spend 4— 
8 hours per day eating, and adults consume 5-10% of their 
body weight daily (Reep and Bonde 2006); thus, food should be 
available 24 hours a day for animals in human care. Appropriate 
consumption varies based on age and growth. Obesity is com- 
mon in overfed animals, so weights and body condition need 
to be monitored regularly to adjust diet as necessary. For a more 
detailed discussion of manatee diets and feeding strategies in 
captive settings, see Walsh and Bossart (1999). 

Manatees often respond well to the presence of other 
manatees, which may relieve anxiety as well as encourage 


anorexic animals to eat (Davis unpubl. data; Walsh and de 
Wit 2015). Manatees are not territorial or aggressive (Reep 
and Bonde 2006) and can usually be housed in groups (3-6 
animals) pending sufficient pool size, although care must be 
taken to ensure males have not reached sexual maturity. 


Handling and Restraint 


Sirenians are powerful and can cause injury to personnel if 
not handled appropriately. Manatees can thrust their paddles 
dorsoventrally or side to side. In-water captures should only be 
attempted by experienced individuals. Handling for medical 
or husbandry procedures needs to be done with the animals 
out of water. Place animals on thick closed-cell foam in sternal 
recumbency. Place a large piece of closed-cell foam across the 
animal’s caudal body and paddle, and have several people lean 
on the foam for added restraint. Attempts should not be made 
to restrain an animal that is on its back, due to a high risk of 
handler injury from the paddle. Many manatees are calm when 
removed from the water; basic diagnostic and husbandry pro- 
cedures can often be performed with mild restraint. Anesthesia 
and sedation of Sirenia are discussed in Chapter 26. 


Physical Examination 


A complete history should be obtained @when available) and a 
physical exam performed. Observe the animal in the water, not- 
ing any abnormalities in buoyancy, attitude, activity level, posi- 
tioning in the water column, swimming and diving abilities, and 
respiratory rate and character. A manatee can hold its breath for 
long periods, and the normal respiratory rate is variable accord- 
ing to activity level, but 3-5 breaths per 5 minutes is typical. 

While dry-docked, the clinician should assess body con- 
dition, both dorsally and ventrally. Straps can be placed under 
the axilla and cranial to the peduncle to facilitate rolling 
the animal to determine sex and examine the ventrum (see 
Chapter 38); care should be taken with animals that have 
fractured ribs. Malnourished animals have a distinct neck due 
to loss of nuchal fat “peanut-head”), as well as prominent 
scapulae, hips, and spine (Figure 43.1), and a flat (thin) or 
concave (very thin) ventrum with the occasional presence of 
longitudinal skin folds (emaciated). 

The physical exam also needs to include a thorough oral 
exam with digital palpation of the molars, and thoracic and 
abdominal auscultation. Healthy FL manatees have a normal 
sinus rhythm. Calm adults have heart rates of 40-60 beats per 
minute (bpm), while calf heart rates are 60-75 bpm (Siegal- 
Willmot et al. 2006; Wong et al. 2012). Percussion can be 
useful in evaluating the GI tract. Hindgut fermentation pro- 
duces large volumes of colonic gas; gas and peristaltic intes- 
tinal sounds are normal findings in a healthy manatee. The 
absence of these findings is abnormal. Fecal character should 
be assessed; normal stool is formed, but not dry. If no feces 
are available for evaluation, perform digital rectal palpation. 
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Diagnostic Techniques 


Blood Collection 


Veins used for blood sampling are illustrated in Figure 43.2. 
Blood is collected from the brachial vascular bundle, accessed 
via the interosseous space between the radius and ulna. The 
vasculature can be accessed from a medial or lateral approach 
to the pectoral flipper. Blood vessels are not visible, and ana- 
tomical landmarks are used as follows: the flipper is firmly 
restrained, and the elbow and carpal joints are identified; the 
radius and ulna are palpated, and the space between them 
located; the middle portion of the flipper midway between 
the elbow and carpus is thoroughly surgically scrubbed with 
alcohol and an antiseptic. Insert an 18- to 20-gauge, 1- to 
2-inch needle, attached to an extension line and syringe (or 
vacutainer), between the radius and ulna (Figure 43.3). 

A 25- to 21-gauge butterfly set with a 3/4-inch needle 
can be used for calves, with the lateral aspect being easier 
to access, due to minimal abduction of the pectoral flipper. 
Manatee calf blood can clot quickly, and it is sometimes nec- 
essary to heparinize the needle prior to collection. Blood 
samples can also be collected from the caudal vascular bundle 
that runs just ventral to the vertebral column in the paddle. 
In an awake juvenile or adult animal, this location is difficult 
to access safely due to manatees’ propensities for thrusting 
their paddles ventrally when positioned on their backs, so it 
is more commonly used in anesthetized or very ill animals. 


Fecal Sampling 


Freshly passed fecal samples can be collected for cytology, 
occult blood testing, and parasitology screening. If culture for 
enteric pathogens is warranted (or no fresh sample is avail- 
able), an uncontaminated sample can be collected by pass- 
ing a lubricated small flexible tube a short distance into the 
rectum. Gastric samples can be collected for cytology and 
culture by passing a standard soft plastic foal or small equine 
gastric tube through the nares or oral cavity into the stomach. 
Urethral catheterization for urine collection is difficult due 
to anatomical configuration and is not routinely performed. 


Figure 43.1 Emaciated FL manatee (left) and 
the same manatee after rehabilitation and in 
good body condition (right). (Photo courtesy 

of Dr. Ray Ball, Tampa’s Lowry Park Zoo.) 


Opportunistic urine samples can be collected by placing a 
small, flat, collection receptacle (such as a clean Frisbee) 
under the urogenital opening of a dry-docked manatee dur- 
ing the exam, and waiting (see Chapter 38). The application 
of pressure on the abdomen cranial to the vulva in females, 
or caudal to the genital opening in males, may be useful to 
stimulate urination. 


Radiography and Ultrasonography 


Radiographs can aid in diagnosis of fractures, pneumothorax, 
pneumonia, and GI disorders. Most manatees will rarely lie 
still when placed on their backs; thus, dorsoventral (DV) views 
are easier to obtain than ventrodorsal (VD) views. In adult 
manatees, size can pose challenges for obtaining orthogonal 
views, and often, only DV views are feasible. Lateral views in 
smaller animals are usually feasible. Ultrasonography can be 
useful for pregnancy diagnosis; evaluation of subcutaneous 
abscesses, kidneys, and urinary bladders; and echocardiog- 
raphy. It can also aid in guiding thoracocentesis in cases of 
pneumothorax or pleural fluid accumulation. Advanced imag- 
ing (MRI or CT) can be considered for smaller individuals and 
may or may not require sedation, depending on the disposi- 
tion of the animal (see Chapters 24 and 26). 


Endoscopy 


Flexible endoscopy has been used successfully for gastric, 
colonic, and reproductive tract evaluation, and hysteros- 
copy has been described (Hall et al. 2012). Slow GI transit 
time limits GI tract visualization, though gastric ulcers may 
be detected with preprocedural fasting. Rigid thoracoscopy 
has been successfully performed to confirm pyothorax or 
evaluate pleural and lung surfaces. Dopplers (2 MHz) can 
be used to monitor heart rate during health assessments. 
Electrocardiography has been described in both subspecies of 
T. manatus (Siegal-Willmot et al. 2006) with techniques simi- 
lar to those for domestic animals. Compared with other large 
terrestrial and aquatic vertebrates, manatees have prolonged 
PR and QT intervals, and differences in some parameters 
are seen when comparing adults and calves (Siegal-Willmot 
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Figure 43.2 Veins used for blood collection in the manatee. (Courtesy of S. A. Rommel.) 
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et al. 2006). Parameters for echocardiography have been 
established (Gerlach et al. 2013). See Chapter 25 for addi- 
tional information. 


Clinical Pathology 


Standard processing of blood samples in manatees should 
include a complete blood count (CBC), serum chemistry panel, 
fibrinogen, erythrocyte sedimentation rate (ESR), and, when 
possible, D-dimers and serum amyloid A (SAA). In neonates 
and calves, cold-stressed animals, and critically ill patients, 
blood glucose should be assessed upon presentation with a 
portable glucometer. A portable blood gas analyzer such as 
an i-STAT or Element POC (Abbott, Princeton, NJ, or Heska 
Corp., Fort Collins, CO, USA) may aid in evaluating critical 
patients, or as part of monitoring during general anesthesia or 
health assessments (Fauquier et al. 2004; Meegan et al. 2009). 

Detailed descriptions of manatee hematology and serum 
chemistry analytes can be found elsewhere (see Appendices 
1, 2, and 3; see Chapter 38). A few important features of 
manatee hematology include larger erythrocytes and lower 


Figure 43.3 Blood collection from the interos- 
seous space between the radius and ulna ina 
FL manatee. (Courtesy of SeaWorld Parks & 
Entertainment, Inc.) 


erythrocyte counts than most domestic mammals, heterophils 
(rather than neutrophils) that stain positive for myeloperoxidase, 
and total leukocyte counts that are slightly lower than in most 
domestic mammals, with approximately equal numbers of het- 
erophils and lymphocytes (Keil and Schiller 1994; Harvey et al. 
2009). There are statistical differences in analyte levels among 
age classes, free-ranging and captive individuals, and genders 
(Harvey et al. 2007, 2009). Total leukocyte counts may only 
increase modestly in the face of illness and are not sensitive 
indicators of inflammation. Serum amyloid A is a highly sensi- 
tive indicator of inflammation in FL manatees (Harr et al. 2006; 
Cray et al. 2013), and a reference interval has been established 
using an automated assay (Cray et al. 2013). Recent research has 
characterized coagulation profiles and utilized thromboelastog- 
raphy to determine coagulation factors in healthy free-ranging 
FL manatees (Table 43.3) and individuals with various disease 
states (Gerlach et al. 2015; Barratclough et al. 2016a and 2016b). 
Thromboembolic disease (Ball 2013) and disseminated intra- 
vascular coagulation (DIC) have been described in FL mana- 
tees, with DIC being most common in cases of trauma and cold 
stress syndrome (Barratclough et al. 2017). 


Table 43.3 Coagulation Factors of Healthy Florida Manatees (Trichechus manatus l/atirostris) 
D-Dimer Fibrinogen PT PTT Platelets 
(ng/ml) (mg/dl) (seconds) (seconds) (x10°/ul) 
Healthy FL Manatees Released (after Rehabilitation; n = 29 unless otherwise stated) 
Mean 134 350 (n = 22) 9.5 15.9 333 (n = 15) 
SD 211.29 53 1.9 16 267 
95% Cl 23-103 322-359 8.7-9.5 11.2-12.7 166-451 
Healthy Free-Ranging FL Manatees (n = 40)» 
Mean 142 369 10.7 9.5 
SD 122 78.8 0.5 1.5 
90% Cl 110-174 348-390 10.6-10.8 9.1-9.9 


@ Gerlach et al. 2015. 
> Barratclough et al. 2016a. 
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Urinalysis 


Urinalyses and urine chemistry panel reference ranges have 
been reported in FL manatees living in freshwater and 
saltwater (Manire et al. 2003). 


Other Clinical Pathology 


The immune system has been characterized in detail (Bossart 
1999; Smith et al. 2006; McGee et al. 2011; Ferrante et al. 2015; 
Ferrante and Wellehan 2015; see Chapter 11). A variety of 
other health investigations are available for reference (Ortiz, 
Worthy, and Byers 1999; Ortiz, MacKenzie, and Worthy 2000; 
Varela and Bossart 2005; Ortiz and Worthy 2006; Stavros, 
Bonde, and Fair 2008; Takeuchi et al. 2009; Tripp et al. 2011; 
de Wit et al. 2013, 2016; Siegal-Willmott et al. 2013). 


Neonatology and Hand-Rearing 


Orphaned calves often present to critical care facilities dehy- 
drated and hypoglycemic, and occasionally hypothermic 
(Figure 43.4). Initial assessment involves, at minimum, blood 
glucose, physical exam, and rectal temperature. Hypoglycemia 
and dehydration should be corrected with fluid and dextrose 
supplementation. Glucose levels less than 40 mg/dl require 
dextrose supplementation. Gastric intubation with dextrose 


Figure 43.4 Emaciated, hypothermic, hypoglycemic 
FL manatee calf upon arrival at a rehabilitation facility. 
(Courtesy of SeaWorld Parks & Entertainment, Inc.) 


Figure 43.5 (Left) Orogastric intubation of a FL 
manatee calf with fluids, dextrose, and electro- 
lytes. (Right) Intubation of a subadult manatee 
with gruel. (Courtesy of SeaWorld Parks & 
Entertainment, Inc.) 


and oral electrolyte fluid supplements can be used when the 
condition is mild, while intravenous (IV) administration may 
be indicated in severe cases (<30 mg/dl; Figure 43.5). 

However, due to the blood vessel anatomy, IV infusion 
into a single vessel, particularly in a calf, is challenging. 
Nonetheless, attempts should be made to administer IV dex- 
trose in clinically affected animals. Manatee immunoglobulin 
G may be given via gastric intubation and IV administration 
(both are given to orphans upon arrival at SeaWorld Orlando), 
as levels may be low in calves in rehabilitation (McGee et al. 
2013). When possible, collect a blood sample upon admission 
during standard processing. Within the first 24-48 hours of 
arrival, perform whole body radiographs and fecal sampling 
(cytology and occult blood testing). Broad-spectrum antibiot- 
ics are commonly used prophylactically. 

Once hydration and hypoglycemia have been addressed, 
institute nutritional support. See Chapter 30 for a detailed dis- 
cussion on hand-rearing and artificial milk formulas for FL man- 
atees. Historically, survival rates have been poor in orphaned 
calves, particularly if weights are <30 kg (66 lb) on admission 
(Campbell et al. 1990; Croft and Tollefson 2014); GI complica- 
tions associated with artificial milk formulas have been impli- 
cated as part of the reason for poor success (Croft and Tollefson 
2014). GI disorders frequently seen in orphaned calves include 
diarrhea, constipation, decreased appetite, leukocytes in fecal 
cytology, fecal occult blood (Croft and Tollefson 2014), and less 
commonly, necrotic enterocolitis. The most severe complication 


Sirenian Medicine 957 


is pneumatosis intestinalis (PI; gas within the wall of the GI 
tract; Figure 43.6; Walsh, Murphy, and Innis 1999; Croft and 
Tollefson 2014, Neto et al. 2016), which can occur secondarily 
to conditions such as necrotic enterocolitis, GI obstruction, GI 
ischemia, or sepsis (Pear 1998). 

Interactions among mucosal integrity, intraluminal pres- 
sure, bacterial flora, and intraluminal gas play a role in the 
development of PI (St. Peter, Abbas, and Kelly 2003). In mana- 
tees, successful treatment has consisted of oral aminoglyco- 
sides, metronidazole, Pepto-Bismol, and changing the diet to 
an elemental human infant formula (EleCare, Abbott Nutrition, 
Columbus, OH, USA, or Nutramigen, Mead Johnson and Co., 
Evansville, IN, USA; Walsh, Murphy, and Innis 1999; Croft and 
Tollefson 2014). Several years ago, SeaWorld began using new 
milk formula recipes (see Chapter 30). Several calves have 
been successfully raised and released with each of the listed 
formulas, and fewer GI complications have been seen. Often 
after a calf recovers from PI or any other condition warranting 
oral antibiotics, the GI tract benefits from being seeded with 
feces from a healthy adult manatee via gastric intubation of a 
fecal slurry. Occasionally, this treatment is employed even in 
calves that have not been on oral antimicrobials but have per- 
sistent diarrhea. Other illnesses seen in neonates are pneu- 
monia, bacterial infections, and sepsis. The first 3-4 weeks in 
rehabilitation is the most critical period for orphans. 


Therapeutics 


The most common therapies provided to ill FL manatees are 
fluid support, nutritional support, antibiotics, GI medications, 
analgesics, sedatives, enemas, and wound care. 


In calves and extremely ill individuals, [V fluid support 
can be provided, typically using normal saline or a balanced 
replacement solution. IV catheterization is difficult, and often, 
fluids are provided via a needle inserted into the brachial 
vascular plexus or the ventral tail complex and attached to an 
extension set and fluid line. In stable animals, gastric intuba- 
tion of fluids is the more common route. Gastric intubation 
is via the oral or nasal route using a lubricated foal or small 
equine soft plastic stomach tube inserted to the depth of the 
distal tip of the pectoral flipper when it is folded against the 
body. Usually, a conservative volume is given initially (-2 | 
for adults; 30-100 ml for calves; 0.5-1.5 | for subadults) two to 
three times per day (more frequently in calves). Volume can 
be increased as indicated and tolerated. 

Once hydration status is addressed, nutritional support 
should be provided to anorectic or partially anorectic animals. 
For subadults and adults, gruel is made of mixed lettuces and 
spinach, water, + an herbivorous or omnivorous primate pel- 
leted diet (monkey chow). Many animals needing nutritional 
support have some degree of GI stasis, necessitating a gradual 
introduction of food. Initial treatments are with a very dilute 
gruel (25% strength); thickness and gruel concentration are 
gradually increased over several days once feces and flatu- 
lence are being produced. Provide manatees needing nutri- 
tional support access to solid food at all times, because they 
will begin grazing as GI function improves. Continue nutri- 
tional supplementation via gastric intubation (Figure 43.5) 
until the animal is eating normal amounts regularly for sev- 
eral days and producing normal stool. Many ill manatees may 
require long-term nutritional support (weeks to months). 

Oral medication can only be administered effectively via 
gastric intubation. Due to sirenians’ hindgut fermentation, 


Figure 43.6 (Left) Dorsoventral radio- 
graph of a FL manatee calf demonstrat- 
ing large amount of gastrointestinal gas. 
(Right) Dorsoventral radiograph of a FL 
manatee calf with pneumatosis intesti- 
nalis. Note intramural gas within the wall 
of the gastrointestinal tract in multiple 
locations. (Courtesy of SeaWorld Parks & 
Entertainment, Inc.) 
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only use oral antibiotics conservatively to avoid intestinal dys- 
biosis. Parenteral antibiotics are typically selected over oral 
antibiotics unless specific medical reasons warrant otherwise. 
IM or subcutaneous (SC) routes of administration are most 
common, with the caudal epaxial muscles the preferred sites 
for IM injections, and the shoulder or caudal epaxial areas 
appropriate for SC use. Shoulder muscles are small, and place- 
ment of irritating drugs into fascial planes should be avoided 
when possible. In adults, 1.5- to 3.5-inch, 18- to 20-gauge nee- 
dles are used (1.5-2 for SC; 3.5 for IM in most large animals), 
and in calves, 1-inch 20- to 22-gauge needles can be used. As 
for blood collection, a thorough surgical scrub is necessary. 
Duration of injection therapy should be limited when pos- 
sible, as injection-site abscesses, pain, and muscle necrosis 
can occur secondary to chronic IM/SC injections. 
Pharmacokinetic data are lacking for most medications 
in Sirenia. Dosing regimens used for related species or other 
hindgut fermenters, such as domestic horses, are often used as 
guidelines. Long-acting antibiotic formulations manufactured 
for domestic large animals have recently been used to mini- 
mize injection frequencies. To provide four-quadrant coverage, 
antibiotic combinations are often used. See Chapter 27 for 
doses of the most commonly used medications. Culture and 
antibiotic sensitivity should be used to guide antibiotic selec- 
tion and avoid inducing antibiotic resistance (Sidrim et al. 2016). 


Other Disorders 


GI disorders such as constipation, diarrhea, dysbiosis, entero- 
colitis, and colic-type clinical signs (excessive rolling, abdomi- 
nal crunching) are periodically encountered in adults and 
frequently in calves. Attempts should be made to determine 
the underlying cause (radiography with or without contrast, 
fecal cytology, fecal occult blood, and cultures for enteric 


Figure 43.7 FL manatee with a neoprene floatation 
device in place to aid in buoyancy. (Courtesy of SeaWorld 
Parks & Entertainment, Inc.) 


pathogens), but supportive GI medications can be helpful. 
Treatment with antigas medication (simethicone) is recom- 
mended for animals showing colic-type signs; metronidazole 
can aid in cases of clostridial enteritis/colitis. For animals in 
which dysbiosis is suspected Cong-term oral antibiotic use, 
lack of microbial diversity in fecal cultures, diarrhea), transfau- 
nation can be employed as described for calves. Equine probi- 
otics have also been used. For cases of constipation (minimal 
amounts of feces, hard/dry feces), enemas, metoclopramide, 
and gastric intubation of mineral oil in water two to three times 
a day for the first few days can be useful for restoring motility. 

Consider administering analgesics and anti-inflammatories 
for conditions considered painful in other taxa. A number 
of medications have been used in manatees with pain or 
inflammation, including nonsteroidal anti-inflammatory med- 
ications (NSAIDs) such as flunixin meglumine, ketoprofen, 
aspirin, and opioids such as butorphanol and tramadol. As 
with other medications, pharmacokinetic data are lacking. 
A recent behavioral ethogram in one FL manatee suggested 
that oral tramadol at a dose of 1 mg/kg SID reduced behav- 
iors associated with pain (resting on the bottom, crunch- 
ing; Komarnicki, Rodriquez, and Richardson 2012). In most 
instances, employ conservative doses used in related taxa. 

Animals with poor buoyancy control (pneumothorax, 
collapsed lung, excessive localized GI gas, neurologic, emaci- 
ated, or weak) may require support within the water column 
to improve appetite, lower stress during respirations, avoid 
chronic musculoskeletal complications, and prevent drown- 
ing. Neoprene material from human wetsuits can be modified 
to wrap around a manatee’s body and be secured with Velcro 
straps (Figure 43.7; Walsh et al. 1995). 

Human floatation devices can also be used (Murphy 2003). 
The addition of foam or other floatation devices to the “down” 
side may be necessary to achieve symmetry within the water. 
Individual variation exists in regard to acceptance of these 
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Figure 43.8 (Left) Traumatic paddle wound in a FL manatee. (Center) Propeller wounds on the dorsum of a FL manatee. (Right) Entanglement of the 
pectoral flipper of a FL manatee. (Courtesy of SeaWorld Parks & Entertainment, Inc.) 


devices; some animals will not tolerate them or eat with them 
on. Oral diazepam may be helpful with acclimation to the 
device. In severely ill cases, animals may need to be kept in 
very shallow water to facilitate ease of respiration. When pos- 
sible, larger animals should be propped on foam but remain 
afloat rather than be dry-docked for long periods of time to 
prevent gravity-dependent injury to tissues and lungs. Food 
can be affixed to the side of the pool or weighted at the bottom 
to assist in feeding in accordance with buoyancy abnormalities. 

Traumatic wounds are common in Sirenia rescued from 
the wild and brought to rehabilitation settings (Figure 43.8). 
Wound management is challenging given the aquatic environ- 
ment in which the animals are swimming and with water con- 
taining fecal contaminants. Bandaging is not typically effective, 
because when submerged in pool water, the bandage traps 
more bacteria and tissue necrosis may ensue. Traumatic wounds 
with necrotic bone involvement require regular debridement 
to avoid trapping of necrotic debris by wound granulation. 
Abscesses often need to be lanced and a large opening left to 
facilitate flushing with dilute antiseptics and daily drainage. 
Antimicrobials mixed with water-resistant diaper creams and 
honey can be applied. Abscesses with relatively small orifices 
can be maintained with umbilical tape through two orifices 
to prevent closure and allow flushing. 


Environmental Health Concerns 


Brevetoxicosis 


For a thorough discussion on brevetoxicosis, see Chapter 16. 
Mass mortality events have been reported in FL manatees 
from both the west and east coasts of FL, with a higher inci- 
dence from the west coast (Bossart et al. 1998; Ball et al. 
2014; Fire et al. 2015). Transmission is via inhalation (Bossart 
et al. 1998) or ingestion (Flewelling et al. 2005; de Wit et al. 
2007; Capper, Flewelling, and Arthur 2013). Toxins remain 
stable in the environment and within seagrass, and mass 


mortalities can be seen long after and/or remotely located 
from a known algal bloom (Flewelling et al. 2005; de Wit et 
al. 2007; Capper, Flewelling, and Arthur 2013). Clinical signs 
are neurologic and either respiratory or GI, based on route 
of transmission (Bossart et al. 1998; Ball et al. 2014; Walsh 
and de Wit 2015). Clinical pathologic abnormalities include 
heterophilic and eosinophilic leukocytosis; hemoconcentra- 
tion; increased partial thromboplastin time (PTT); electrolyte 
abnormalities; elevated serum creatine kinase; hyperglobulin- 
emia; hypocalcemia; decreased blood urea nitrogen, gamma 
glutamine transaminase, and amylase (Ball et al. 2014); and 
thrombocytopenia (Murphy 2003). Necropsy findings usually 
include congestion of nasopharynx, airways, and meninges; 
hemorrhage in liver, kidney, and lungs; and variably, intesti- 
nal hemorrhage (Bossart et al. 1998; de Wit et al. 2007; Ball 
et al. 2014). 

Many animals are found dead prior to intervention (de 
Wit et al. 2007), but if found in time, even severely affected 
animals can survive (Ball et al. 2014). Treatment includes pre- 
vention of drowning (floatation devices or propping on foam) 
and supportive care (fluid therapy, anti-inflammatories, par- 
enteral antibiotics, atropine). Animals presenting with neu- 
rological signs generally recover within 24 hours (Ball et al. 
2014; Walsh and de Wit 2015). 


Cold Stress Syndrome 


Manatees are not tolerant of cold water temperatures, and FL 
manatees with prolonged exposure to temperatures below 
20°C (68°F) become subject to a disease process known as 
cold stress syndrome (CSS). Recent investigations suggest 
dugongs also succumb to CSS (Owen et al. 2013). Mortality 
from CSS is one of the major threats to free-ranging FL mana- 
tee populations. All age classes are susceptible, but subadults 
are more commonly affected (likely due to their higher sur- 
face area-to-volume ratio) than adults, also because they 
may lack maternal care (guidance to warm water, constant 
source of nutrition), as mothers provide to calves (Bossart 
et al. 2004). However, orphan calves may be particularly 
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susceptible, due to relatively lower body fat mass (Ortiz 
and Worthy 2004). Acute exposure can lead to lethargy and 
fatal hypothermia (Buergelt et al. 1984; de Wit et al. 2012). 
Chronic exposure results in a complex cascade of pathophysi- 
ologic events resulting in emaciation, depletion of fat stores, 
serous fat atrophy, lymphoid depletion, epidermal hyperpla- 
sia, pustular dermatitis, enterocolitis, and myocardial degen- 
eration (Bossart et al. 2002b). Compromised metabolism and 
immune systems, and malnutrition, make way for opportunis- 
tic infections and secondary diseases (Bossart et al. 2002b). 
Bacteremia, dehydration, hypoglycemia, and renal failure are 
potential sequelae (Murphy 2003). Recent research supports 
the role of thromboembolic disease by demonstrating that 
cold-stressed manatees demonstrate hypercoagulability and 
have statistically prolonged prothrombin time (PT) and PTT, 
increased D-dimer and fibrinogen, and thrombocytopenia, 
consistent with Barratclough et al. (2016b). Severe acidemia, 
metabolic acidosis, and abnormal electrolyte findings can be 
present on blood gas analysis (Murphy 2003). Leukocytosis 
and elevated LDH, CK, creatinine, and serum amyloid A are 
common findings. 

The most notable outward clinical signs of CSS are skin 
lesions and poor body condition (Figure 43.9). Early skin 
lesions present as epidermal bleaching of the extremities 
and muzzle. Chronic lesions include hyperkeratosis, dif- 
fuse pustules, and ulcerative lesions. The muzzle, head, and 
extremities are most severely affected. Gastrointestinal stasis, 
constipation, the absence of gut sounds or flatulence, and 
pneumonia can be observed. Other sequelae can include 
necrotic enteritis, PI, pyothorax, septic arthritis (Murphy 
2003), and sloughing of the large portions of the flippers 
(Davis unpubl. data). Treatment is aimed at correcting dehy- 
dration, acidosis, and electrolyte abnormalities, and treat- 
ing underlying infections. In severe cases, IV fluids can be 
administered, but in most cases, gastric intubation with water 
two to three times per day over 24-48 hours is sufficient, 
followed by introduction of a dilute gruel. Food should be 
offered immediately and be available at all times. Gruel or 


\\i 


water should be provided until normal food consumption and 
fecal production is seen. In some cases, prolonged nutritional 
support is necessary. Constipation is treated with mineral 
oil and water gastric intubation, and warm water or saline 
enemas. Broad-spectrum parenteral antibiotics are typically 
selected, but culture and sensitivity of lesions should be used 
to guide therapy. Secondary fungal infections of the skin and 
lungs have also been seen, and fungal cultures should be 
included in diagnostics. 


Watercraft Injuries 


Trauma from watercraft is a common cause of death of FL 
manatees and 7. manatus in Puerto Rico (Mignucci-Giannoni 
et al. 2000; Bossart et al. 2004), accounting for an average 
of 22% (8-31%) of reported carcasses annually over the past 
20 years (FWC 2016) and a substantial number of rescues 
(Table 43.2). Injuries, usually on the dorsum, are due to blunt 
trauma from the hull, sharp/shearing trauma from the pro- 
peller blades and lower motor units (Figure 43.8), or both. 
Deaths from blunt force trauma are more common than from 
sharp trauma and are frequently accompanied by severe inter- 
nal hemorrhage and trauma with minimal external wounds 
visible (Lightsey et al. 2006). The most common injuries are 
skin, diaphragm, and lung lacerations; skeletal damage (rib 
or spinal fractures); hemothorax; pyothorax; pneumothorax; 
hemoabdomen; and kidney damage (Lightsey et al. 2006). 
Wounds are managed as discussed below. Supportive care, 
analgesia, and antibiotics are usually indicated. Pneumothorax 
may be suspected, based on clinical signs (increased respi- 
ratory rate and effort, listing, excessive buoyancy) and con- 
firmed with radiographs/ultrasonography or the presence of 
air on thoracocentesis. Floatation devices may be necessary 
to keep the animal symmetrical and able to eat and breathe. 
Thoracocentesis can be both diagnostic and therapeutic, but 
the air may return; serial thoracocentesis has been success- 
ful in achieving resolution. Removing smaller amounts of air 
over multiple procedures is frequently more effective than 


Figure 43.9 (Left and center) Multifocal dermatitis secondary to cold stress syndrome in a FL manatee. (Right) Severe ulcerative dermatitis with loss 
of epidermis and emaciation secondary to cold stress syndrome (CSS) in a FL manatee. (Courtesy of SeaWorld Parks & Entertainment, Inc.) 
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trying to remove all the air at once, due to immediate refill- 
ing of that potential space. Chest tubes have been used suc- 
cessfully (Murphy 2003) but can be challenging to maintain 
in the aquatic environment. Many cases will resolve with 
supportive care and time, and thoracocentesis may not be 
indicated if the animal is still able to eat and breathe nor- 
mally and shows no signs of respiratory distress. Recently, 
following conservative management, pneumothorax and 
pneumoperitoneum in two calves resolved (Gerlach, Sadler, 
and Ball 2013). 


Entanglements 


Entanglements in fishing line, netting material, crab pots, and 
other anthropogenic sources are very common reasons for 
rescues of FL manatees (Table 43.2; Figure 43.8). In some 
cases, no treatment is necessary after removal of the entangle- 
ment, but in other cases, wounds are severe and may require 
medical care or amputation of severely damaged appendages, 
particularly if osteomyelitis is present. 


Other Environmental Health Concerns 


FL manatees have died due to entrapment in floodgates, canal 
locks, drainage pipes, and other locations. Fishhook foreign 
bodies have also been seen. In 2013, an unusual mortality 
event (UME) of FL manatees (and bottlenose dolphins and 
brown pelicans) occurred in the Indian River Lagoon. The 
mortalities followed a dramatic reduction of seagrass in the 
area, due to long-term, nontoxic phytoplankton blooms, with 
the cause of the latter still unknown. Impacts of natural disas- 
ters (Flint et al. 2012) and ecotourism (King and Heinen 2004; 
Solomon, Corey-Luse, and Halvorsen 2004) have also been 
explored (see Working Group on Unusual Mortality Events 
[WGUME] website). 


Infectious Diseases 


Bacteria and Viruses 


Dermal and subcutaneous abscesses are not uncommon in 
manatees and are often infected with a variety of bacteria. 
Septic metritis secondary to dystocia and fetal maceration 
(Davis unpubl. data), enteritis/enterocolitis and pneumo- 
nia (Bossart et al. 2004), pyelonephritis (Keller et al. 2008), 
omphalitis and septicemia (Walsh et al. 1987; de Wit et al. 
2006), mycotic dermatitis, pleuritis, and lung abscessation 
have all been described. A case of fatal salmonellosis was 
reported in a dugong (Elliott et al. 1981). Fatal atypical myco- 
bacterial infections have been infrequently reported in mana- 
tees (Boever, Thoen, and Wallach 1976; Morales, Madin, and 
Hunter 1985; Sato et al. 2003). 


Trichechus manatus papillomavirus type 1 (ImPV1, 
Rector et al. 2004) has been associated with cutaneous papil- 
lomas in captive and free-ranging FL manatees (Bossart et al. 
2002a; Woodruff et al. 2005). Free-ranging animals can be 
infected but rarely show lesions (Dona et al. 2011). Recently, 
two new papillomaviruses were associated with genital 
papillomas in a FL manatee (Ghim et al. 2014). Trichechid 
herpesvirus 1 CIrHV1) has been isolated from the skin and 
whole blood of free-ranging manatees with and without skin 
lesions (Wellehan et al. 2008). Polymerase chain reaction 
(PCR)-positive animals without skin lesions were pregnant or 
lactating, or had severe, chronic disease, suggesting immuno- 
suppression (Wellehan et al. 2008). 

Serologic surveys for exposure to morbillivirus (Duignan 
et al. 1995; Sulzner 2012), leptospirosis (Erlacher-Reid et al. 
2011; Mathews 2012; Sulzner et al. 2012; Aragon-Martinez, 
Olivera-Gomez, and Jiménez 2014, Delgado et al. 2015), bru- 
cellosis, pseudorabies, San Miguel sea lion virus type 1, and 
Eastern, Western, and Venezuelan equine encephalitis virus 
(Geraci et al. 1999) in several manatee species showed sero- 
positive animals, but clinical disease has not been reported. 
A serosurvey for West Nile virus in FL manatees yielded no 
positive samples (Keller et al. 2004). 


Parasites 


Parasitic infections are rarely of clinical significance in Sirenia, 
and detailed reviews are available (Beck and Forrester 1988; 
Dailey, Vogelbein, and Forrester 1988, Upton et al. 1989; 
Forrester 1992; Colon-Llavina et al. 2009). Cochleotrema 
cochleotrema, a nasopharyngeal trematode, can cause rhi- 
nitis. Enteritis in FL manatees has been described second- 
ary to the small intestinal trematodes Moniligerum blairi and 
Nudacotyle undicola (Bando et al. 2014). Cryptosporidium 
spp. have caused weight loss, diarrhea, abdominal discom- 
fort, and lethargy in Antillean and Amazonian manatees and 
dugongs (Hill, Fraser, and Prior 1997; Morgan et al. 2000; 
Borges et al. 2009, 2011), and death in a dugong (Morgan et 
al. 2000). While disease associated with Toxoplasma gondii 
is uncommon in manatees (Buergelt et al. 1984; Dubey et al. 
2003; Bossart et al. 2004), toxoplasma encephalitis (Buergelt 
and Bonde 1983), myocarditis, and, more recently, dissemi- 
nated toxoplasmosis have been reported (Bossart et al. 2012). 
Serologic investigations show exposure to toxoplasmosis in 
Amazonian and West Indian manatees (Alvarado-Esquivel, 
Sanchez-Okrucky, and Dubey 2012; Mathews et al. 2012; 
Sulzner et al. 2012; Attademo et al. 2016; see Chapter 20). 


Miscellaneous Conditions 


Cardiac diseases are rare, but cardiomyopathy (Bossart et al. 
2004) and atrioventricular valve myxomatous transforma- 
tion (Buergelt et al. 1984) have been reported. Early reports 
suggested dugongs were susceptible to capture myopathy 
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(Anderson 1981; Marsh and Anderson 1983); however, more 
recent data do not support this (Lanyon, Sneath, and Long 
2012). Nephrolithiasis with pyelonephritis was described in 
two manatees (Keller et al. 2008), and polycystic kidneys were 
described in one FL manatee (Rember et al. 2005). Neoplasia 
has been infrequently reported in manatees (Bossart et al. 
2004; Hammer et al. 2005; Smith et al. 2015). However, repro- 
ductive neoplasia was recently described in eight FL mana- 
tees (Smith et al. 2015). 
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Introduction 


Sea otters differ significantly from other marine mammals in 
their anatomy, physiology, taxonomy, and behavior; thus, a 
summary of these features pertinent to their medicine is given 
below. There are three subspecies, the southern (Enhydra 
lutris nereis), northern (£. 1 kenyoni), and Western Pacific 
(E. I. lutris) sea otter. The life history traits of sea otters, includ- 
ing their high trophic level, strong site fidelity, and dependence 
on nonmigratory prey species, make them suitable sentinels 
for nearshore ecosystem ocean health. Mortality and pathogen 
exposure in wild sea otters have been investigated by a vari- 
ety of authors and differ among subspecies (Ames et al. 1983; 
Kreuder et al. 2003; Goldstein et al. 2011; White et al. 2013; 
Shapiro et al. 2014; Bartlett et al. 2016). Certain populations 
may have increased exposure to infectious diseases, possibly 
linked to anthropogenic stressors, including habitat degrada- 
tion, municipal runoff, contamination of nearshore waters 
with terrestrial pathogens, overharvest of marine resources, 
and climate change (Goldstein et al. 2011). The most com- 
mon causes of death in southern sea otters include protozoal 
encephalitis, acanthocephalan-related disease, shark attack, 
and cardiac disease (Kreuder et al. 2003). Beta-hemolytic 
streptococci are newly recognized important pathogens in 
northern sea otters, especially those from Kachemak Bay, 
Alaska (Counihan et al. 2015). 


CRC Handbook of Marine Mammal Medicine 969 


970 Sea Otter Medicine 


Population demography, dynamics, and ecology of sea 
otters are reviewed in Kenyon (1969), Estes (1980), and Estes et 
al. (1996). The sea otter’s range extends along the coastal North 
Pacific, originally from Hokkaido Island in northern Japan, to 
Baja California, Mexico. The northern extent of their distribu- 
tion is limited by sea ice, and distribution may be affected by 
climate change. The total population prior to exploitation for 
the fur trade was estimated between 150,000 and 300,000 ani- 
mals. Commercial hunting for pelts reduced this to as few as 
1,000-2,000 individuals remaining in 13 colonies, and popula- 
tions in British Columbia and Mexico eventually disappeared. 

With the halting of commercial hunting and the availabil- 
ity of previously unutilized prey resources, northern sea otter 
populations rebounded across their range but then declined 
95.5% in the Aleutians and western Alaska from 1965 to 2003 
(Estes et al. 2005), prompting the US Fish and Wildlife Service 
(USFWS) to list the western Alaskan population as threatened 
under the Endangered Species Act; reasons for decline appear 
to be related to natural predation, with unknown roles by 
other factors such as disease and contaminants (USFWS 2010). 

Following the halt of commercial hunting, southern sea 
otter populations had a much slower rate of return; they, too, 
are listed as threatened (Greenwalt 1979; Estes et al. 2003). 
Annual surveys have documented population increases in 
newly colonized areas and recent declines in other regions 
(Lafferty and Tinker 2014; USFWS 2015). Declines have been 
associated with mortality from infectious disease (Estes et al. 
2003), exposure to algal toxins (Kreuder et al. 2003; Miller et al. 
2010), and predation from shark bites, rather than declining 
birth rates (Tinker et al. 2015). The prevalence and impact of 
certain diseases on sea otter populations, particularly those 
populations that are recovering from near extirpation, may 
be related to genetic bottleneck factors (Aguilar et al. 2008). 
For reasons not totally understood, but perhaps related to an 
increase in sea otter prey, there has been a recent increase 
in the carrying capacity in the core of the southern sea otter 
range, resulting in excess of 3,000 animals for the first time 
since the end of the fur trade (Tinker and Hatfield 2016). 
The durability of this adjustment of carrying capacity is not 
known, but if it persists, it may result in delisting of the south- 
ern sea otter from the US federal endangered species list. 


Life History 


Sea otters have 38 chromosomes and are sexually dimorphic. 
Male sea otters typically have a more robust neck, with a 
broader head and wider canine teeth, than females. Life expec- 
tancy of wild Alaskan otters is 15-20 years (Estes et al. 1996) 
but can exceed 20 years under human care. Physical charac- 
teristics were well described by Kenyon (1969). Northern sea 
otters are typically larger than southern sea otters and both are 
sexually dimorphic with larger males. Males can exceed 45 kg 
(99 lb.) and 148 cm (57 in.) in length, and females can be 325 
kg (715 lb.) and 140 cm (54.6 in.) in length. Examination of the 


incremental lines in the cementum of premolar teeth have been 
used for determining age (Bodkin et al. 1997; Winer et al. 2013). 

The dental formula of the adult sea otter is I 3/2, C 1/1, PM 
3/3, M 1/2 = 32. The lower incisors, protrude and are chisel- 
shaped to scrape meat from the shells of prey (Hildebrand 
1954). Molars and premolars (postcanine teeth) have hard 
dental enamel and are flattened for crushing hard-shelled 
prey (Riedman and Estes 1988; Ziscovici et al. 2014). With 
age, there is significant wear and damage in the sea otter’s 
teeth, and dental disease may have a significant effect on its 
life span (see Chapter 22). 

The vertebral column consists of 7 cervical, 14 thoracic, 6 
lumbar, 3 sacral, and 20-21 caudal vertebrae. Great flexibility 
of the spine is permitted by reduction of the vertebral pro- 
cesses, shortening and heightening of the centra, and enlarge- 
ment of the intervertebral foramina (Taylor 1914). The absence 
of a clavicle may allow for greater flexibility of the pectoral 
girdle (Estes 1980). Bones and teeth are sometimes a pale vio- 
let due to absorption of poly-hydroxy-naphthoquinone from 
ingested purple sea urchins (Strongylocentrotus purpuratus), 
and this is referred to as echinochrome staining. 

Sea otters rely on pelage that is the densest of any mam- 
mal and has been well studied (Williams et al. 1992; Kuhn et 
al. 2010). The hairs have cuticle scales, which interlock form- 
ing a dense, feltlike, hydrophobic barrier that traps air and 
prevents water contact with the skin. Squalene, the sterol pro- 
duced by the sebaceous glands of the skin, aids in thermoreg- 
ulation by “conditioning” the hairs, facilitating the grooming 
and felting of the fur. This combination of extremely dense 
fur and sebaceous gland secretions is maintained by groom- 
ing, and creates a waterproof barrier that greatly reduces con- 
ductive heat loss to the water. Hair length varies from 30 mm 
for guard hairs to 12 mm for underfur hairs. Guard hairs are 
of larger diameter on the abdomen (mean: 106 p) than on 
the back (mean: 44 w), which may be an adaptation to the 
sea otter’s preference for floating on its back. Both the guard 
hairs and the undercoat hairs lack arrector pili muscles and 
are angled caudally in the skin (61.9-84.3°, which helps with 
streamlining during swimming and diving. The cutaneous 
trunci muscle is well developed along the sides and dorsum 
of the sea otter, and its rapid contractions assist in pleating of 
the skin to help trap air in the fur. Sea otters molt gradually 
throughout the year (Kenyon 1969), although peak molting in 
spring was noted in sea otters under human care in Alaska. 

A ted algae (Acrochaetium secundatum) has recently 
been reported growing on the hairs of southern sea otters, 
causing a red or purple discoloration, with no apparent effect 
on waterproofing of the pelage or other pathology. This algae 
is endemic to the North Atlantic and had not previously been 
identified in the Pacific Ocean, but may have been introduced 
by ballast water from vessel traffic (Bentall et al. 2016). 

Sea otter skin is extremely loose and can be pulled freely 
over the body to facilitate grooming. Loose “pouches” of 
skin at the axillae are used to carry food and other objects. 
Keratinized, hairless pads cover the palmar surface of the 
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manus. Semiretractable claws are present on each digit of the 
forepaw and are capable of inflicting significant wounds on 
the unprotected restrainer. Smaller hairless pads are present 
over the plantar aspect of the distal phalanx of each rear digit, 
and a small claw is present on each rear toe. The rear flipper 
(pes) is modified to facilitate swimming and diving, and the 
fifth digit is the longest. The tail is dorsolaterally flattened to 
facilitate sculling and is a common site for fat deposition. 

Although the sea otter does not rely on subcutaneous 
fat for insulation, such fat is present in an animal in good 
body condition and probably serves as an important energy 
store, especially in postparturient females (Chinn et al. 2016). 
Normal animals have about 1 cm or thicker subcutaneous 
fat in the groin area. Sea otters in good condition may have 
significant fat stores in all the subcutaneous tissues, surround- 
ing the kidneys, and in the mesentery and omentum, but in a 
starving or lactating animal, this fat is quickly lost. 

The thoracic cavity is large relative to the rest of the body, 
reflecting the importance of lung volume to the buoyancy of 
sea otters (Kooyman 1973). Mean total lung capacity is 9 liters, 
and, as a proportion of body weight, lung capacity of adult 
sea otters (345 mL/kg) is two to four times greater than in 
pinnipeds (84-145 mL/kg); and, it is significantly higher in 
younger animals (Thometz, Murray, and Williams 2015). The 
large lung volume of sea otters comprises about 66% of its total 
oxygen store, compared to 16-43% in pinnipeds, which may 
reflect the behavior of sea otters as shallow and brief divers 
compared to other marine mammals. The right lung has four 
lobes, and the left lung has two (Tarasoff and Kooyman 1973a). 
The tracheal rings are incomplete dorsally with partially calci- 
fied rings. Some cartilage-supported airways extend into the 
alveoli, to compensate for compression during diving (Tarasoff 
and Kooyman 1973b), while others branch into nonsupported 
airways, which extend up to 1 mm before ending in clusters of 
alveoli (Denison and Kooyman 1973). 

The liver is relatively large (5.6% of total body weight) 
compared with other marine mammals (Kenyon 1969). The 
digestive tract is similar to most terrestrial carnivores but lacks 
a cecum. The pancreas is located in the mesentery adjacent 
to the duodenum, extending over to the area of the spleen. It 
is very diffuse, light pink, and sometimes difficult to discern 
from the mesenteric fat (Burek et al. 2005). The kidneys are 
multireniculate. Female reproductive organs include paired 
ovaries, a bicornuate uterus, and two mammary glands, with 
nipples located on the caudal abdomen and covered with 
hair. Males have an os penis, and no discreet scrotum, but 
paired testicles are easily visible under the skin in the caudal 
inguinal area of mature animals. 


Vision and Hearing 


Sea otter eyes are relatively small and approximately emme- 
tropic in both air and water, with an accommodative range 
of 59 D—a range three times greater than that reported for 


any other mammal—allowing focus on objects above and 
below water (Murphy et al. 1990). This accommodation is 
accomplished through a highly developed iris musculature, 
meridional ciliary muscle, and a corneoscleral venous plexus 
(Murphy et al. 1990). The central cornea of a sea otter eye is 
0.3 mm thick, and the anterior epithelium of the cornea is 
greatly developed, comprising about 1/3 of the corneal thick- 
ness (see Chapter 23). 

Auditory capabilities of sea otters have not been exten- 
sively evaluated. Sea otters have not been observed to pro- 
duce vocalizations underwater; however, they do share 
derived features with otariids of the outer and middle ear 
such as conical ear shape, the ability to fold the ear against 
the head while diving, and thickening of the tympanic bulla 
(Solntseva 2007). A recent study by Ghoul and Reichmuth 
(2014) evaluated the aerial and underwater audiograms of a 
single adult male under human care. Aerial hearing thresh- 
olds were similar to those of sea lions and less sensitive than 
those of terrestrial mustelids, with a reduction in the low- 
frequency sensitivity. Underwater hearing was significantly 
reduced, compared to pinnipeds and other marine mammals. 


Social Organization and Reproduction 


The behavior and reproduction of sea otters are described in 
Riedman and Estes (1988, 1990) and Bodkin, Mulcahy, and 
Lensick (1993). Free-living sea otters segregate into male and 
female areas, with females forming matrilineal groups shar- 
ing feeding and resting areas. Food preferences and foraging 
strategy appear to be shared vertically within these family 
groups. Male otters will enter female areas and defend ter- 
ritories against incursions by other males. Territorial males 
then mate with multiple females. Large groups of nonbreed- 
ing males may congregate in bachelor groups bordering on 
female areas. 

Sea otters are reproductively active year-round, and sea- 
sonal peaks in pupping vary regionally: peaks are May to 
June in the Aleutian Islands and Russia, and January to March 
in California. Male sea otters reach sexual maturity by age 
5-6 years but may not mate successfully until much later. 
Male breeding behavior and spermatogenesis occur through- 
out the year. Female sea otters reach sexual maturity around 
4 years of age, although a few individuals may have their first 
estrus as eatly as 2-3 years of age, and a female sea otter 
under human care gave birth at ~2.5 years of age (Crossen 
pers. comm.). The corpora lutea in pregnant otters measure 
9-17 mm in diameter (Sinha, Conaway, and Kenyon 1966), 
and a distinguishable corpus albicans persists for at least 
2 years (Sinha and Conaway 1968). The chorioallantoic pla- 
centa is zonary and endotheliochorial. Delayed implantation 
produces varied gestation times that can range between 4 
and 12 months, but it is typically 7 months (Riedman et al. 
1994; Larson, Casson, and Wasser 2003). Females usually give 
birth once per year on land or in the water (Kenyon 1969; 
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Antrim and Cornell 1980; Jameson 1983). Twinning occurs 
infrequently («<2%; Schneider 1973), and one of the twin pups 
is usually lost, likely a result of the high energetic demands of 
lactation and pup care (Williams, Mattison, and Ames 1980; 
Jameson and Bodkin 1986). 

Hormone assays in captive females indicate that they are 
seasonally polyestrus, with estrus occurring in late winter or 
spring and again in late summer or fall (Larson, Casson, and 
Wasser 2003). The female comes into estrus again soon after 
weaning or the loss of a pup (Brosseau et al. 1975), and typi- 
cally mates in less than 1 day to several weeks after weaning 
her pup. Old female otters may have difficulty in conceiving 
or maintaining pregnancy, resulting in the reoccurrence of 
estrus (Riedman and Estes 1990). Copulation occurs in the 
water, usually after a short period of courtship (Kenyon 1969). 
In some cases, very aggressive males may forcibly mate with 
females, or separate females from their pups in breeding 
attempts. During such attempts, the male holds the female’s 
face in his teeth and may hold the female’s head under water. 
Lacerations to the nose and face are common, resulting in 
characteristic scarring in most mature females (Foott 1971). 
These mating injuries may be fatal, due to the extent of the 
facial wounds or to drowning (Staedler and Riedman 1993). 

Only 30% of wild pups survive their first year (Jameson 
and Johnson 1993), and immature females are apparently less 
capable than experienced adults in successfully raising their 
young (Kenyon 1969). Newborn pups weigh about 1.4-2.3 
kg and are covered by a wooly natal pelage that is lost by 
10-13 weeks of age (Wendell, Ames, and Hardy 1984). Pups 
are totally dependent on maternal care for food and grooming 
for the first 2-3 months and are carried almost constantly on 
the mother’s upturned chest and abdomen. A pup may be left 
floating on the water or placed on a nearby haul-out for brief 
periods while the mother forages or grooms, where it vocalizes 
loudly until the mother returns (Sandegren, Chu, and Vandevere 
1973). Newborns rely on their mother’s milk for the first 3-4 
weeks and then begin to feed on small pieces of prey items 
offered by their mothers. Diving ability develops as natal pelage 
is lost between 6 and 10 weeks of age, and pups may begin suc- 
cessfully foraging by 14 weeks but continue to have difficulty 
opening hard-shelled items until closer to 5 or 6 months of age. 
Although otters have been observed nursing very large pups 
(estimated to be 7-8 months of age) and grooming even older 
pups, mean dependency of one study group was 6 months 
(Payne and Jameson 1984). Apparent “adoption” (nursing and 
grooming) and tolerance of approach of orphaned pups has 
been reported (Staedler and Riedman 1989; Williams et al. 
1992), and this characteristic has allowed fostering of orphan 
pups by surrogate females under human care. 


Feeding and Metabolism 


Although a very wide variety of prey items have been 
described for sea otters, most individual otters tend to focus 


on one to several food items (see Chapter 29). Sea otters 
sometimes use rocks or heavy shells as tools against which 
to pound prey items, especially bivalves (Hall and Schaller 
1964), and have been observed collecting invertebrate prey 
from discarded bottles and cans. They may dig pits in soft or 
sandy substrate in pursuit of bivalve prey, forage opportunisti- 
cally on fish offal from fishing boats or processing plants, and 
have been seen eating seabirds in some locations (Rieman 
and Estes 1988). Sea otters ingest about 20-25% of their body 
weight in food per day. Daily food energy equivalents have 
been calculated to be 189 (Kenyon 1969), 234 (Costa 1982) and 
307 (Fausett 1976) kcal/kg per day, with differences depend- 
ing upon physiological state (see Chapter 29). Captive sea 
otters ingested 2.4 times their standard metabolic rate, and 8 
times the standard metabolic rate of similar sized terrestrial 
mammals (Costa 1982). Sea otters must forage as often as 
every 4 hours (Loughlin 1977), but a rapid gut passage time 
means that they lose part of the food energy they ingest. 


Physical and Chemical Restraint 


Adult sea otters are large, carnivorous mustelids, well equipped 
with crushing molars, long canine teeth, and retractable front 
toenails that can inflict serious injury. The loose skin of sea 
otters allows them to twist and turn rapidly, even when their 
body is firmly grasped. To avoid serious injury to the animal 
and to personnel, all attempts at handling should be well 
planned and executed with proper equipment. Care must 
be taken to plan procedures to minimize handling time in 
order to prevent overheating and excessive stress. One person 
should be assigned to continuously observe the otter during 
restraint. Corrective or preventative measures must be read- 
ily available, such as cooling with water or ice, shading from 
sunshine, and adequate ventilation. 

Williams and Sawyer (1995) reported on successful 
restraint techniques used on a large number of wild otters 
in the rehabilitation centers during the Exxon Vatpez oil spill. 
Restraint equipment includes heavy leather welder’s gloves 
with long sleeves, a large salmon dip net fitted with an elon- 
gated bag of soft unknotted 1 in. mesh net, a throw net, blan- 
kets, and stuff bags, and some sort of squeeze box (Figure 
44.1). An otter can be netted from the water or haul-out 
and closed into the dip net by a drawstring or by rotating 
the hoop to close off the open bag. Otters may be carried 
short distances by suspending the net between two or more 
people, and body weight may be obtained by hanging the 
net from an overhead scale hook. The animal can be further 
restrained using a heavy cloth, nylon, or burlap bag @ ft. 
long by 1.5 ft. diameter) filled with foam rubber or other soft 
compressible material. The bag is quickly placed across the 
head, shoulders, and thorax, and the otter is held by pressing 
down on the bag. This is best accomplished while the otter 
is in a net or squeeze box, with the animal on its back and 
the hind legs held by a second handler (Williams and Sawyer 
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Figure 44.1 Restraint box for sea otters. 


1995). Debilitated or very lethargic animals may be held for 
treatments and for washing and drying by placing the forelegs 
through a figure-eight loop of thick rope or flexible canine 
“pull toy” grasped from behind the head and neck. 

Chemical agents and dosages reported for sea otters are 
listed in Chapter 26. In summary here, the most common 
currently used agents are reversible narcotic sedatives and 
neuroleptanalgesics, such as fentanyl or oxymorphone, com- 
bined with a benzodiazepine, usually midazolam. Reversal 
with naltrexone at a dose equaling 15-2 times the total mg 
of fentanyl administered is preferred (Monson et al. 200D. 
Appropriate concentrations of those drugs must be pur- 
chased compounded for veterinary use. The human formula- 
tion of naloxone (1 mg per 0.1 mg of fentanyl dose) has been 
used for narcotic reversal but has occasionally been associ- 
ated with complications, due to renarcotization (the reversal 
agent is metabolized before the narcotic is eliminated) and 
subsequent risk of drowning. The dose of the reversal agent 
may be divided, giving 1/2 intravenously (IV) for immediate 
arousal and 1/2 intramuscularly (IM) to provide longer effect. 

Use of other agents for sedation has recently been reported 
in sea otters under human care. Dexmedetomidine has been 
used as a single drug at 375 g/m? (Brown pers. comm.). It 
has also been combined at 0.0075 mg/kg with midazolam 
at 0.05 mg/kg and butorphanol at 0.5 mg/kg (Adams pers. 
comm.), or combined at 10-20 g/kg with butorphanol 0.2 mg/ 
kg (Miller pers. comm.). These protocols provide effective 
sedation in captive otters and are reversible with atipamizole 
(0.075 mg/kg) and naltrexone (0.08 mg/kg); however, wild 
sea Otters are not reliably sedated with these protocols. 

The use of preanesthetic medications in sea otters is lim- 
ited. Oral administration of diazepam (0.15—-0.5 mg/kg) given 


1-2 hours before induction with a small amount of food may 
reduce the risk of stress-induced hyperthermia and other 
complications related to the sea otters becoming agitated 
during restraint. However, benzodiazepines administered to 
young (<1-2 years of age) animals have resulted in disinhibi- 
tion, with subsequent increased activity levels and decreased 
participation in trained behaviors. Benzodiazepines may 
cause peripheral vasodilation in the face of hypothermia and 
therefore should be used with caution in debilitated animals. 

Premedication with enteral gastrointestinal therapeu- 
tics may reduce the risk of stress-induced gastroenteri- 
tis and include prokinetics (metoclopramide), antiemetics 
(maropitant, ondansetron), protectants (sucralfate), histamine 
(H,) blockers (famotidine, ranitidine), and metronidazole. 
Metoclopramide in particular may be useful in animals prone 
to anesthetic-induced ileus. Parenteral administration is also 
a consideration for certain gastrointestinal protective medica- 
tions when oral administration is not possible. Premedication 
with atropine has not been reported in sea otters. 


Clinical Examination 


Initial evaluation should be conducted from a distance, pref- 
erably while the animal is at rest, and includes an estimate 
of age based on body size, and coat color and character. 
Older otters typically show progressive graying of the face, 
head, and neck. Neonates have long guard hairs. Note respi- 
ratory rate and character, attitude, mobility and posture, and 
presence of wounds, discharges, or obvious injuries. Heart 
rate may be determined by observing the apex beat mov- 
ing under the ribs on the ventral chest. Normal respiration is 
17-20 breaths per minute, and heart rate is 144-159 beats per 
minute. The fur should be evaluated for loss of waterproof- 
ing (see below) and, if present, the location and extent of the 
abnormal pelage recorded. Weight should be recorded during 
any handling or examination, and record made of whether 
the coat is wet or dry when weighed. The guard hair may 
hold significant amounts of water when wet, and considerable 
error may be introduced if weights are not taken consistently. 
Physical examination should be performed in a systematic 
fashion that is within the limits of the patient’s tolerance. 
With the notable exception of very young pups and severely 
obtunded adults, some form of restraint will be necessary to 
perform a complete examination. When the otter is under 
physical restraint, the clinician is generally denied access to 
the cranial aspect of the otter’s body. Short-term restraint with 
a stuff bag and net or squeeze box is usually adequate: for 
palpation of the abdomen and pelvic limbs; administration 
of injections; flipper tagging; microchip implantation; sam- 
pling of hair, feces, milk, or urine; and routine blood sam- 
pling from the femoral or popliteal veins. Body temperature 
may be roughly estimated by feeling the rear flippers, as 
warmth can normally be felt through the shorter fur on the 
toes and interdigital web. Cold or unusually warm flippers 
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signal hypothermia or hyperthermia, respectively. If possible, 
body temperatures should be taken using a flexible thermom- 
eter inserted several inches into the rectum. Normal body 
temperature for adult sea otters is 37.5-38.1°C (99.5-100.6°F), 
with temperature cycling up or down within this range at 
predictable intervals associated with activity (grooming, for- 
aging, and resting), the heat increment of feeding, and repro- 
ductive state (Yeates, Williams, and Fink 2007; Tinker et al. 
2008; Esslinger 2011). Core temperature increases predictably 
during estrus and decreases slightly during the last month of 
pregnancy, but returns rapidly to baseline after parturition 
(Tinker et al. 2008). 


Integument 


Normally the surface hairs (guard hair) may be wet, but the 
deeper hair shafts and skin remain dry. Areas with reduced 
waterproofing should be closely examined. Abnormalities in 
the fur may be secondary to soiling or to a musculoskeletal 
problem, rendering the otter unable to reach portions of its 
body to groom. The density of the pelage is such that bite 
wounds, masses, and other abnormalities of the integument 
are easily overlooked. 


Musculoskeletal System 


On land, sea otters have three different gaits and vacillate 
between them for no apparent reason. They may walk on land 
with a typical, albeit rather awkward, four-beat gait of the ter- 
restrial carnivore. They also move in an “inchworm” fashion, 
moving in a two-beat gait pairing hind limbs and then fore- 
limbs. Or, they may abandon using the hind limbs and simply 
drag them along, pulling themselves with the powerful front 
legs. Although disuse of the hind limbs may occur with spi- 
nal injuries or with saddle thrombus formation secondary to 
valvular endocarditis, clinicians should not overinterpret the 
otter’s preference to use one form or another, until a more 
thorough examination can be performed. 


Head 


Traditional mydriatic agents can be used to dilate the pupil; 
however, these animals must be placed in dimly lit environ- 
ments until the iris regains normal function. Visualization of 
the posterior chamber is limited due to the small size of the 
pupil. The external ear canal is quite narrow with multiple 
areas of stenosis, making otoscopic examination difficult. 
Fortunately, the incidence of otitis is rare. 

Pups typically have four deciduous canine teeth and 
several deciduous incisors erupted at birth, with progressive 
eruption of the remaining deciduous teeth followed by their 
replacement with permanent teeth by 9 months of age. The 
oral mucous membranes, especially under the tongue and 
adjacent to the mucocutaneous junction, should be examined 
closely for physical anomalies. Papillomas may be observed 


(Ng et al. 2015), and ulcerations and erosions may be caused 
by a herpesvirus (Harris et al. 1990; Tseng et al. 2012), or by 
trauma during mating or aggression. The gingiva and areas 
of the lips of oiled sea otters may be reddened and ulcerated. 


Respiratory System 


The turbinates are quite extensive, which limits access to 
examination of the posterior nasopharynx. Nasal acaria- 
sis (Halarachne spp.) is a relatively common finding in sea 
otters, and mites may be seen exiting the meatus in animals 
under sedation, especially when volatile anesthetics are used. 
Nasal mites are seen in both sexes and all age groups, and 
infected animals may not show clinical signs. Occasionally, 
infested animals display moderate to severe clinical signs and 
treatment can be challenging due to reinfection and lack of 
knowledge regarding the parasite. The nasal pad is relatively 
large and normally pigmented black. In older animals, espe- 
cially females, bite wounds, often quite extensive in nature, 
are found secondary to intraspecific and mating aggression. 
These wounds usually heal well, even when a significant 
portion of the nasal pad is removed, and generally result 
in pink-white scarring. In oiled otters, thicker oil or tar may 
accumulate at the lateral aspect of the nasal pad and along 
the gum line, as a result of grooming. 

When auscultating the lungs, the clinician must bear in 
mind that the “dependent” aspect of the lung is the dorsal 
portion, as the animal spends most of its time on its back at 
the water's surface. Crepitus associated with pulmonary inter- 
stitial emphysema is common in oil-exposed otters and may 
be detected by auscultation, or in some cases, by palpation of 
air bubbles in the subcutaneous tissues of the chest and neck. 


Cardiovascular System 


When the animal is relaxed on its back, the apex beat is often 
visible. There is a notable sinus arrhythmia in the sea otter. A 
heart murmur may be noted secondary to dilated cardiomy- 
opathy, myocarditis, and septic valvular lesions (Kreuder et 
al. 2005; Counihan et al. 2015). The femoral artery is palpable 
in the inguinal region, and the jugular veins are accessible 
along the ventrolateral aspect of the neck. The dense fur and 
thermoregulatory function of the skin of the sea otter requires 
a substantial blood supply. As a result, the degree of hemor- 
rhage associated with skin wounds is typically greater than 
that encountered in dogs and cats. 

Because loss of hair can significantly impair thermoregu- 
lation, echocardiography must be performed without shaving 
the fur (see Chapter 24). Generous application of isopropyl 
alcohol with or without water-soluble gel allows parting of 
the hair and adequate visualization for cardiac imaging and is 
easily rinsed from the coat by the otter. The cardiac window 
can be identified by palpating the apex beat on the right side 
of the chest (parasternal) between ribs 4 and 6 at the level of 
the costochondral junction (Tuomi et al. 2009). 
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Abdomen 


The normal sea otter liver is not palpable; it is entirely 
“enclosed” by the last few ribs, but it can be imaged by ultra- 
sound along with other abdominal organs. Similarly, the 
stomach is rarely within reach, unless the otter has consumed 
an exceptionally large meal. The small intestine is palpable, 
as is most of the colon. It is not unusual to palpate gritty 
material (sand, prey exoskeleton) in the bowel. In some cases, 
sharp points may be associated with this material; therefore, 
clinicians should use a gentle touch when palpating. Fluid 
accumulation may cause palpable distention and is seen with 
acanthocephalan peritonitis or cardiomyopathy. 

The gastrointestinal transit time is 3 hours (Costa 1982), 
and feces are often a loose mixture of semiformed to mucoid 
digesta with variable amounts of shell fragments. Presence of 
dark, tarry stools is suggestive of hemorrhagic gastroenteri- 
tis and/or gastric ulcers; both are very common in stressed 
otters or those that have not eaten for several days. These 
animals require prompt medical intervention. Mesenteric 
lymph nodes may be palpable. They are often somewhat 
enlarged; clinicians should always attempt to identify these 
structures in the mesenteric root situated along the mid- 
line halfway between the xiphoid and the pubis. Routine 
identification of normal anatomy will facilitate recognition 
of enlarged nodes. 


Urogenital System 


The kidneys are relatively large, multireniculate organs, and 
somewhat dorsoventrally flattened, that are relatively immo- 
bile in their retroperitoneal space. The urinary bladder is 
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easily palpated and can be isolated and immobilized to facili- 
tate cystocentesis. Male sea otters do not have a true scrotum; 
however, their testes are easily identified in mature animals 
in the inguinal region. The penis should be examined, as 
fractures of the os penis are not uncommon. 

Female sea otters are typically either pregnant or lactating 
once sexually mature. The dorsoventrally flattened abdomi- 
nal cavity facilitates palpation of the gravid uterus, unless it is 
situated cranially within the thoracic excursion. The ovaries 
may be palpable. 

Urine can be collected from a full bladder by cystocente- 
sis using a 1 1/2 or 2 in., 21 or 22 g needle placed about 1/3 of 
the distance anteriorly from the brim of the pubis toward the 
umbilicus. Care should be taken with adult female otters, to 
ensure that the bladder is palpated or imaged by ultrasound 
and differentiated from an enlarged uterus. 


Blood Collection 


The mass specific blood volume of an adult sea otter is 173.47 
+/— 9.85 ml kg—' (Thometz 2015). The external jugular vein 
is typically used for large or serial blood samples (Figure 
44.2). Unless the animal is very sick or depressed, chemical 
restraint will be required to ensure animal and handler safety 
when sampling from this site. The jugular vein is located by 
drawing a straight line between the thoracic inlet and the 
corner of the mandible, and runs just under the skin between 
these two points, usually more lateral than in many other 
animals. The vessel may be difficult to identify in otters with 
poor peripheral perfusion, due to low blood pressure, or in 
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Sites for jugular, saphenous, and femoral venipuncture in sea otters. 
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normal adult male otters, due to their robust, muscular necks. 
Moistening the fur overlying the vein with rubbing alcohol will 
aid in visualization. For smaller samples, the femoral or popli- 
teal veins can be used under physical restraint (Figure 44.2). 
This approach is ideal for critical patients that are too sick or 
too unstable for chemical sedation but are not so depressed 
that sampling from the jugular vein is possible. Otters under 
human care may be trained to hold for behavioral sampling 
from these sites. Firm, resolute restraint in a consistent, repro- 
ducible orientation is required, since the veins cannot be visu- 
alized. The femoral vein runs parallel and caudal to the femoral 
artery on the medial aspect of the proximal femur. It is located 
by palpation of the femoral pulse with the otter restrained on 
its back and the femur firmly held at a right angle to the pelvis. 
A 19- to 21-gauge x 1-1.5 in. needle with an attached syringe 
is directed parallel and just caudal to the arterial pulse at a 45° 
angle to the skin. Accidental puncture of the artery is a risk 
with this approach and is readily apparent by the rapid filling 
of the syringe and/or the formation of a large hematoma at the 
puncture site. If this occurs, direct pressure for several minutes 
is required to assure adequate clot formation and prevent dis- 
comfort from the subsequent bruising. 

The small size of popliteal veins does not support repeated 
sampling. Furthermore, because a smaller needle and slower 
technique are required, this approach has an increased risk of 
hemolysis in the sample. The popliteal vein is best accessed 
from the medial aspect of the stifle joint. With the femur at 
a right angle to the pelvis and the tibia at a right angle to 
the femur, the phlebotomist grasps the proximal tibia plac- 
ing the tip of the thumb over the medial tibial condyle and 
the remainder of the thumb along the long axis of the tibia. 
A 19- to 20-gauge x 1.0-15 in. needle (for an adult sea otter) 
is inserted perpendicular to the skin just medial and distal to 
the sesamoid bone in the medial head of the gastrocnemius 
muscle. When the thumb and the otter’s limb are properly 
positioned, the insertion point is at about the 11 o’clock or 
1 o'clock position for the left and right legs, respectively. In 
most cases, the needle is advanced nearly to its complete 
length under slight negative pressure and then withdrawn 
slowly until the vessel is entered. The syringe should fill rap- 
idly; a slow fill time indicates entry into one of the smaller 
vessels nearby, making clotting of the sample more likely. 

The cephalic vein can be used for blood sampling or for 
placement of an indwelling catheter in sedated or obtunded 
otters (Tang pers. comm.). It is visualized coursing along the 
anterior surface of the proximal forelimb by wetting the fur 
just distal to the elbow, while applying pressure with the 
thumb or a tourniquet, as in a dog or cat. 

Regardless of location, it is important to maintain digital 
pressure over the phlebotomy site for 2-4 minutes after with- 
drawing the needle to prevent hematoma formation. 

The anterior vena cava is useful for obtaining blood sam- 
ples from juvenile and neonate otters with small peripheral 
blood vessels, but this site is associated with increased risk, 
because the location of the vessel within the thoracic cavity 


makes direct pressure for hemostasis impossible. The anterior 
vena cava is approached with the otter in sternal recumbency, 
restrained like a cat for jugular venipuncture. The front legs 
are extended and held off the edge of the table. The head is 
held firmly and extended with the nose pointed upward. The 
otter’s body is pinned by the elbow to the restrainer’s body. 
Using a 22- to 25-gauge x 1.5 in. needle attached to a syringe, 
the thoracic cavity is entered at the junction of the sternum 
and the first rib. When approaching from the left side, the 
needle is directed toward the right elbow. If the approach is 
from the right side, the needle is directed parallel to the ster- 
num. Immediately upon perforating the skin, a slight nega- 
tive pressure is placed on the syringe. It is not unusual to 
locate the vessel as the needle is withdrawn. Slow, deliberate 
movements watching carefully for the “flash” of blood in the 
needle’s hub will increase success rates. The importance of 
good physical restraint and positioning cannot be overstated. 

Very small blood samples (e.g., for monitoring of blood 
glucose, packed cell volume, or lactate using point-of-care 
monitors) may be obtained using a small-gauge needle or 
lancet and pricking the toe pads of lightly restrained otters. 
This technique may be especially useful during stabilization 
of neonatal or hypoglycemic otters. 


Clinical Chemistry and Urinalysis 


Hematological and serum chemistry values are similar to those 
found in other marine mammal species including relatively 
high hematocrit, hemoglobin, and blood urea nitrogen com- 
pared to domestic dogs and cats (Williams and Pulley 1983; see 
Appendix 1, Table A1.6). Urine samples may be examined 
as for dogs and cats, using commercially available test strips, 
a refractometer, and centrifugation of samples. Small amounts 
of blood may be introduced during cystocentesis, and positive 
red blood cell results interpreted accordingly. Primary bacterial 
cystitis is uncommon, but detection of cocci in large numbers in 
centrifuged urine samples is strongly correlated with a diagnosis 
of bacterial septicemia due to streptococcal infections. 

A syndrome of moderate to severely elevated liver enzymes 
(alanine aminotransferase [ALT], aspartate aminotransferase 
[AST], lactate dehydrogenase [LDH], alkaline phosphatase 
[ALP], and gamma glutamyl-transferase [GGT], and sometimes 
bilirubin and bile acids), with minimal clinical signs such as 
loss of appetite and general malaise lasting several weeks to 
months, has been observed in several juvenile captive otters. 
Overfeeding and fatty liver have been suggested as the cause 
for this syndrome, but laparoscopic and fine needle liver 
biopsies of affected animals have shown only nonspecific 
changes, including mild lymphocytic inflammation (Brown 
pers. comm.). In such cases, other causes of hepatic inflam- 
mation such as viral or bacterial infections may be involved. 
Diagnostics, including evaluation of a clotting panel, complete 
blood cell count, chemistry panel, hepatic ultrasound, titers 
for exposure to viral or other infections, and laparoscopic liver 
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biopsy, may be useful in evaluating hepatic disease in these 
cases of idiopathic elevations of liver enzymes. 


Husbandry 


Housing requirements for captive sea otters in the United 
States are determined by the US Department of Agriculture 
(USDA 2013). Emergency transport and holding facilities used 
for rehabilitation are exempt from USDA regulations but do 
require permitting by the US Fish and Wildlife Service. In a 
temporary facility, pools holding adult otters should provide 
at least 0.91 m @ ft.) of depth. Freshwater can be used when 
temporarily housing sea otters; however, the water must be 
chlorine-free. If a sea otter is kept in chlorinated water more 
than 10 days, the ends of the hairs will split and become 
matted. Saltwater must be used for long-term housing. Water 
temperature should be maintained at 7-15.5°C (45-60°F). 
Good skimming of the surface water is essential to maintain 
fur quality and waterproofing. This is accomplished by jets 
placed at the water line and by placing skimming boxes at the 
surface to collect water and keep it free from scum or debris. 
Water turnover time should be 05-15 hours. Fecal coliform 
counts can rise dramatically when sea otters are housed 
in pools, due to their high food consumption, poor food 
assimilation, and consequent high-volume fecal output (Van 
Blaricom 1988). Recirculated water should be filtered through 
sand filtration and disinfected with ultraviolet sterilization or 
ozone treatment (Nightingale 1981; Tuomi et al. 1995). Shells 
and discarded food fragments can rapidly accumulate in the 
pool bottom, and provision must be made for their frequent 
removal. Soiling of the fur with food or fecal debris can lead 
to loss of waterproofing with potentially disastrous results. 

Saltwater may be warmed with a swimming pool “spa” 
heater (maximum temperature 20°C/68°F) and temporarily 
provided for otters having difficulty thermoregulating, due to 
medical problems. This allows animals to spend more time 
grooming and feeding in water without becoming hypother- 
mic. Water temperature is gradually reduced as metabolic 
rate and waterproofing return to normal levels. The fur may 
have decreased loft at water temperatures above 15.5°C (60°F) 
but regains waterproofing as the otter grooms in increasingly 
cold water (McBain pers. comm.). 

Sea otters are agile climbers. Pools and pens must be con- 
structed to include overhangs, a secure roof, or at least 4 ft. of 
smooth vertical wall. Netting or chain link (1 in. mesh) may be 
used in enclosures and will allow good air circulation and ven- 
tilation, but otters may successfully climb chain link, increasing 
risk of escape or injury from falling. Sea otters are notorious for 
their ability to cause damage by manipulating objects within 
their enclosures. Consideration should be given in the design 
of enclosures to eliminate risk of loose materials and to round 
corners and construct openings that are small enough to prevent 
chewing. Materials for haul-out areas must be easily cleaned, 
nonabrasive, and not damaged by chewing, and surfaces must 


allow for drainage of water and air circulation so the fur can dry. 
Stretched, thick-stranded, knotless rope netting, slightly irregular 
hard plastic, or sealed concrete can be easily cleaned and helps 
prevent injuries to feet and legs from cuts or pressure sores. 

Sea otters under long-term human care benefit from access 
to objects that they can chew and manipulate. Whole food items, 
blocks or large cubes of ice, kelp strands, feeder toys, large 
unbreakable balls, floats, and large dog chew toys provide diver- 
sion and encourage exercise. Artificial objects should be large 
and tough enough to avoid breakage and accidental ingestion. 

Sea otters should be held in social groups of two or more 
animals of the same sex, or in breeding groups with one male 
and one or more females. Large groups of bachelor males 
occur in the wild and can be held for short periods in captive 
enclosures, as long as females are not present (Tuomi 1990). 
Calle et al. (1997) reported on the successful use of depot 
leuprolide and cyproterone to control aggression in a colony 
of four male southern sea otters. Females with newborn pups 
may need to be held in an area separate from other otters, 
especially if the mother is inexperienced. Injury or death of 
pups in the wild has been observed on several occasions 
when a dominant female or aggressive male attempted to 
take the pup from its mother (Riedman and Estes 1990). 

Transportation of sea otters (see Chapter 33) over short 
distances may be accomplished using a standard plastic canine 
airline kennel, equipped with a raised slotted floor to prevent 
soiling of the fur by allowing water, urine, and feces to fall 
away from the animal. Care should be taken to cover the wire 
door and side openings of the kennel with clear plexiglass or 
other solid material to prevent the sea otter from biting the 
wire and potentially fracturing teeth. Holes can be made in the 
top and sides of the kennel to allow for additional ventilation 
and for ice cubes or food to be offered. Blocks of ice or large 
frozen rolled wet towels may be placed in the kennel with the 
otter to prevent overheating while out of the water. For longer 
shipment or for prolonged holding out of the water for medical 
purposes, otters should be placed in open mesh net boxes or 
specially constructed carts with slotted floors (see Chapter 33; 
Williams et al. 1990). The additional open space allows more 
adequate ventilation, and the animals can be easily rinsed with 
a hose or garden spray bottle to maintain temperature and 
cleanliness. Transport vehicles and holding areas should be 
cooled to 15.5°C (0°F) or less. USDA regulations require that 
an experienced marine mammal veterinarian must travel with 
any sea otter for transports lasting more than 2 hours, to ensure 
adequate conditions and care (USDA 2013). 

A marine plywood capture box is often used for wild sea 
otter captures, sea otter holding, and short-term transports 
(Figure 44.3). The box is longer than a traditional canine 
airline kennel, which allows the adult otter to stretch out in 
its normal body posture. The wood construction decreases 
the risk of dental injuries and also keeps the animal calm by 
reducing any visual stimulus. There is a raised PVC grate on 
the bottom to prevent animals from coming in contact with 
fecal material that will soil the pelage. 
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Figure 44.3 Schematic drawings for the construction of a 
sea otter restrain box with a sliding lid. 
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Nutrition 


The typical captive sea otter diet is very high in water content 
(66-83%) with more than 70% of the calories provided by pro- 
tein (Tuomi et al. 1995). Clams, squid, mussels, crab, abalone, 
octopus, scallops, and shrimp may be fed whole or with the 
hard parts of shell or carapace removed to reduce littering of 
the enclosure. The ink sac may also be removed from squid 
to avoid dark discoloration of the feces, which may resemble 
melena. A variety of fish (usually fillets) including pollock, 
herring, smelt, salmon, flounder, cod, lumpsuckers, and rock- 
fish have also been used. However, sea otters do not digest 
fish bones well, and fatal bony impactions have been found 
in wild northern sea otters that fed on large volumes of whole 
fish carcasses, so fish heads and large amounts of fish bone 
should be avoided (Lowenstine pers. comm.; Tuomi unpubl. 
data). Roughage, in the form of some shell, carapace, or bone 
(i.e., whole clam, mussel, crab, or shrimp) does appear to be 
necessary for a normal stool and may contribute to the min- 
eral nutrition of otters (Tuomi et al. 1995). 

All food should be fresh-frozen to decrease parasite 
transmission (Sweeney 1974), and thawed in a refrigera- 
tor prior to feeding to decrease opportunity for bacterial 
growth. Thawed food may be kept refrigerated at 4-6°C 
(40-43°F) or on ice for up to 24 hours (Crissey 1998). Partially 
or freshly thawed items may be refrozen into “ice treats” for 
enrichment. 

Due to their high metabolic rate and rapid gut transit 
time, distressed sea otters should be fed at approximately 
3- to 4-hour intervals during the day, while healthy otters 
under long-term human care may be transitioned to lon- 
ger feeding intervals. Average total food intake is calculated 
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at 20-25% body weight per animal per day. Food may be 
thrown into pools for free-feeding, or offered by hand or 
with metal tongs as part of operant conditioning or nursing 
care programs. Alternately, unbreakable trays may be placed 
on haul-out surfaces or buckets lowered into the water to 
allow otters to forage for themselves. Uneaten portions 
should be collected and discarded before each subsequent 
feeding (Tuomi et al. 1995). 

Multivitamin mineral supplementation should be provided 
for all captive sea otters with attention to adequate levels of 
vitamin E, vitamin B (1-6), and vitamin A (see Chapter 28). 
Exact requirements for most vitamins have not been defined, 
but several commercially prepared marine mammal formula- 
tions are available. Vitamin A levels for free-ranging animals 
have been established, and animals under human care may 
have lower levels than their free-ranging counterparts, poten- 
tially resulting in hyperostosis and squamous metaplasia (St. 
Leger et al. 2011). Assessing serum vitamin A on an annual 
basis to maintain levels at approximately 170 + 51 g/L is rec- 
ommended (Righton et al. 2011). Certain food items have high 
levels of vitamin A, such as whole clams and mussels, and 
whenever possible, a variety of whole prey items are recom- 
mended over food items that would not be routinely ingested 
by free-ranging sea otters, such as fish “fillet.” If supplement- 
ing vitamin A, care should be taken to avoid toxicosis, which 
may result in irreversible complications such as vertebral 
ankylosing hyperostosis. Tablets can be inserted into the 
mantle cavity of invertebrates or into partially thawed fish fil- 
lets; however, sea otters chew their food well and may refuse 
or discard food if the taste is disagreeable. Frozen “muffins” 
containing krill and vitamins (Otten-Stanger pers. comm.), 
and purees of food items that are mixed with supplements 


Sea Otter Medicine 979 


or medications and then refrozen, have been used success- 
fully in some facilities. Additionally, partially freezing a small 
piece of clam foot or a hollow squid mantle with the vita- 
min or medication tucked inside may aid in administering 
oral medications. The frozen texture of the food is similar to 
the pill or tablet, and small pieces are often swallowed with 
minimal mastication and decreased tendency to detect the 
medications. 

Newborn sea otter pups must be fed an artificial for- 
mula for the first 2-3 months of age (see Chapter 30). 
Juvenile sea otters under human care that are fed an exces- 
sively fatty diet or gain weight too rapidly may be prone to 
hepatic lipidosis, which manifests as substantially elevated 
liver enzymes, potentially decreased liver function, and such 
a syndrome may be life-threatening. Hepatic lipidosis was 
confirmed as a cause of mortality in a sea otter pup in reha- 
bilitation that was fed an unusually high fat diet. Young sea 
otters (>3 months to ~1 year) under human care should be 
fed a diet that does not result in rapid or excessive weight 
gain, and mimics the fat levels of sea otter milk (~20% fat). 
Monitoring liver enzymes, use of abdominal ultrasound, and 
liver biopsy if abnormalities are detected may be useful in 
diagnosing hepatic lipidosis. 


Medical Abnormalities 


Hypoglycemia and Hypothermia 


Hypoglycemia, hypothermia (body temperature less than 
35°C [95°F]), and dehydration are common findings in debili- 
tated sea otters, and, in particular, neonatal or juvenile ani- 
mals, and all require immediate attention. Diagnosis and 
treatment is summarized by Williams et al. (1995). 

Animals that are hypoglycemic are often concur- 
rently hypothermic, and increasing the body temperature 
will aid in normalizing the glycemic status. Presumptive 
therapy can be initiated by the administration of warmed 
(37-39°C/98.6-102°F) lactate-free, balanced electrolyte and 
glucose solution (2 1/2% dextrose in normal saline) given 
subcutaneously, intraperitoneally, or via the jugular vein 
at a dose of 10-20 mL/kg. Prolonged intravenous access 
may be obtained by placement of an intraosseous cath- 
eter in the proximal femur (Black and Williams 1993) or 
a long intravenous catheter in the jugular or cephalic vein 
in debilitated animals (Tang pers. comm.). Blood sugar of 
less than 60 mg/dL may cause profound depression and 
seizures and should be immediately treated by intravenous 
administration of 10-20% dextrose (10-20 mL/kg to effect). 
Oral dosing of 50% dextrose ( mg/kg) can be given via 
stomach tube in debilitated but conscious otters, or dex- 
trose may be added to chipped ice balls (sno-cones”) and 
offered for the otter to chew; however, oral administration 
of large quantities of dextrose may cause hyperglycemia. 
Food should be provided as soon as possible if the otter 


will eat, or a high-calorie slurry of pureed seafood and 
human enteral supplements may be given by stomach tube 
(Williams et al. 1995). 

Sedated or debilitated animals, especially those with 
inadequate grooming or nutrition, may become hypothermic. 
Hypothermia is best prevented by ensuring adequate caloric 
intake and good pelage condition. Warming at a rate of 0.5°C 
(°F) per hour is achieved by placing the animal in a warm 
room 20°C (68°F) in a dry cage, and stimulating grooming 
by rubbing with towels or blowing slightly warm air from 
hair dryers or fans on “cool” or “low” settings. Active or rapid 
rewarming of severely hypothermic animals (temperature 
less than 35°C [95°F]) with warm immersion water baths can 
be dangerous and may lead to lactic acidosis, paradoxical 
temperature after-drop, or hypokalemic cardiac arrhythmias. 
Complications of severe hypothermia may occur in humans 
following rewarming and include pneumonia, gastric ero- 
sions, intravascular erosions, and acute tubular necrosis 
(Bowen and Bellamy 1988). Acute and chronic renal lipidosis, 
hepatic necrosis, and gastric erosions and hemorrhage were 
observed at postmortem examination of otters dying after 
treatment for severe oiling and hypothermia during the reha- 
bilitation effort following the Exxon Va.pez oil spill (Lipscomb 
et al. 1993). 

Blood is often shunted away from the gastrointestinal sys- 
tem during a profound hypothermic or hypoglycemic event. 
Therefore, it is important to monitor gastrointestinal function 
closely after any significant hypoglycemic and/or hypothermic 
event for signs of ileus, enteritis, or other dysfunction. Regular 
bowel movements (every 2-4 hours), normal appetite, and 
appearance of normal gas patterns on abdominal radiographs 
are noninvasive indicators of gastrointestinal function. If any 
signs of reduced movement or other indications of abnormal 
gastrointestinal function are present, supportive therapy such 
as protectants, prokinetics, antacids, and/or metronidazole is 
indicated. 


Hyperthermia 


Their high metabolic rate combined with the thickest fur of 
any mammal predisposes sea otters to rapidly developing 
hyperthermia (body temperature >38°C [101°F])), whenever 
an animal is held out of water. This tendency may be exacer- 
bated by drying the hair coat, physical activity such as strug- 
gling in a crate, or warm ambient temperatures. The risk is 
also exacerbated during anesthesia and anesthetic recovery. 
Provision must be made to maintain or adjust body tem- 
perature. Cooling may be achieved by wetting the hair coat; 
using ice on the flippers, trunk, and neck; applying isopro- 
pyl alcohol to the rear flippers and pads of the front paws, 
and the use of fans and air conditioners. Use of a circulat- 
ing water heating—cooling mat underneath sea otters during 
immobilizations allows warming or cooling of the animal, 
while providing a soft cushion to reduce any potential mus- 
cle necrosis or damage. Additional fluid intake and cooling 


980 Sea Otter Medicine 


may be accomplished orally by offering otters ice chunks or 
chipped ice sno-cones to eat and to play with in a transport 
crate, or any time when the animal needs to be out of water. 


Digestive 


The rapid gut transit time of sea otters influences gastrointes- 
tinal health. If there is inadequate non-digestible bulk such as 
shell and shrimp/crab carapace in the diet, ingestion of for- 
eign materials, or other gastrointestinal imbalances, abnormal 
motility may occur. Blockage or torsion may result in abnormal 
or reduced grooming, bloating, lack of appetite, lack of nor- 
mal defecation, and wet pelage. Immediate surgical or medical 
treatment is required to prevent life-threatening complications. 

Hemorrhagic gastroenteritis is common in sea otters and 
occurs rapidly after physical or physiologic stress (Wilson 
et al. 1990; Lipscomb et al. 1993). Affected animals may lose 
appetite, perform abnormal grooming behaviors, become 
bloated, lack normal defecation, and/or develop profuse foul 
diarrhea rapidly progressing to melena, and may die within 
24 hours. Diagnosis through fecal culture and fecal cytology 
with an emphasis on evaluating the sample for sporulated 
rods suggesting a clostridial etiology is recommended, test- 
ing fecal samples for the presence of clostridial toxins using 
laboratory methods developed for canine strains may have 
low sensitivity. A complete workup including a CBC, chemis- 
try panel, abdominal radiographs, and ultrasound combined 
with endoscopy may be necessary to accurately diagnose and 
effectively treat this syndrome. Treatment may include intra- 
venous or subcutaneous fluids, broad-spectrum antibiotics, 
motility modifiers, and corticosteroids. Offering sea otters 
free-choice ice cubes, such as providing a small pool filled 
with ice, may help maintain hydration and promote gastroin- 
testinal motility during times of decreased appetite or illness. 
Intravenous metronidazole may be particularly helpful if a 
clostridial component is suspected. Prophylactic and thera- 
peutic use of antacids, histamine (H,) blockers (famotidine 
or ranitidine), antiemetics (maropitant), prokinetics (meto- 
clopramide), protectants (sucralfate), metronidazole, and 
mood-modifying drugs (diazepam, fluoxetine) may decrease 
morbidity and mortality; but reduction of stress and main- 
tenance of normal food intake and grooming are especially 
vital (Williams et al. 1995; see Chapter 27). 

Animals affected by gastroenteritis may have altered 
flora, and the use of fecal transplantation (transfaunation) is 
used in other mammals, including humans, to aid in the suc- 
cessful resolution of enteritis/colitis, particularly for refractory 
clostridial infections. Fresh fecal material from healthy sea 
otters is administered to the affected animal either orally in 
food items or rectally via suppository; this has been effective 
in restoring normal flora and alleviating clinical signs associ- 
ated with enteritis (M. Murray pers. comm.). 

Gastric ulceration, and gastric and small bowel perfo- 
ration, and peritonitis can result from migration of larval 
forms of anisakid nematodes (Pseudoterranova decipiens) 


when heavy infestations are acquired by sea otters feeding 
on infected fish (Tuomi and Burek 1999; see Chapter 21). 
The cestode Diplogonoporus tetrapterus is associated with 
eating fish and occurs with moderate prevalence (12%) in 
sea otters in Prince William Sound, Alaska, but is absent 
from sea otters in California (Margolis et al. 1997). Varying 
degrees of enteritis were reported associated with the pres- 
ence of intestinal trematodes (Microphallus pirum; Rausch 
1953). Parasite-associated peritonitis occurs in southern 
sea otters infested with immature acanthocephalids of 
Profilicollis altmani (previously known as Polymorphus). 
Marine birds are the definitive host for this parasite, and 
sea otters appear to become infested by ingesting interme- 
diate stages in sand crabs (Emerita sp., Blepharipoda sp.). 
By contrast, the sea otter is considered the definitive host 
for Corynosoma spp., which cause little morbidity unless 
present in very large numbers (Mayer et al. 2003). The gall 
bladder fluke, Orthosplanchnus fraterculus, is common in 
some areas, but heavy infestations do not appear to cause 
obstruction or debility despite fibrosis and scarring in the 
gall bladder (Rausch 1953). 


Infectious Disease 


(See also Chapters 17 through 19.) 

Historically, reports of viruses in sea otters were rare, but 
recent studies have elucidated a number of viruses in free- 
ranging sea otters (Goldstein et al. 2011; White et al. 2013). 
Mustelid herpesvirus-2 was associated with a high incidence 
of oral ulcerations and plaques, with epithelial eosinophilic 
intranuclear inclusions, in sea otters in rehabilitation in Alaska 
in 1989, and similar virus-associated ulcers were subsequently 
demonstrated to occur in free-living otters in Prince William 
Sound, Alaska, with no apparent debility noted (Harris et al. 
1990). This herpesvirus can be associated with lesions but is 
also commonly found in healthy northern sea otters (Tseng 
et al. 2012). Affected otters in rehabilitation did not exhibit 
symptoms of debility, and lesions resolved without treatment 
prior to release. Another northern sea otter under human care 
developed herpes-associated oral and esophageal erosions, 
which resolved with supportive care (Wolf pers. comm.). 

Oral lesions consisting of small, raised, plaques on the 
gingiva and buccal mucosa or ulcerative glossitis of stranded 
southern sea otters, and of northern sea otters in Alaska and 
Russia have also been associated with papillomatosis caused 
by Enhydra lutris papillomavirus 1 (EIPV-1; Ng et al. 2015). 

The first report of a pox virus in a mustelid was identified 
in both a southern and a northern sea otter pup undergoing 
rehabilitation in separate institutions with similar presenta- 
tions of small, superficially ulcerated, skin lesions that were 
self-limiting and not associated with any significant systemic 
morbidity. However, their potential for intraspecies or inter- 
species transmission could not be ascertained (Tuomi et al. 
2014). Both cases were identified in immature stranded ani- 
mals, and the development of these active fulminant pox 
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lesions was potentially associated with the stress-related 
immune suppression of rehabilitation. 

Antibodies to both canine distemper virus (CDV) and 
phocine distemper virus (PDV) have been detected in healthy, 
free-ranging northern sea otters (Goldstein et al. 2011; White 
et al. 2013). Serum antibodies to CDV were reported in two 
sea otters harvested from the Kuril Islands in 1990, but nei- 
ther animal showed clinical signs of disease (Birkun and 
Krivokhizhyn 1991). While no pathology has been associated 
with morbilliviruses in sea otters, both PDV and CDV have 
the potential to be highly pathogenic in naive or susceptible 
marine mammals. Therefore, when transporting sea otters 
between institutions, serologic surveys to assess for exposure 
to viral pathogens including, but not limited to, herpes and 
morbilliviruses may be advised. 

Influenza A viruses were detected in northern sea otters 
off the coast of Washington (White et al. 2013; Li et al. 2014). 
Influenza-associated mortality has not been documented in 
sea otters, despite causing mortality events in harbor seals 
(Anthony et al. 2012). 

Caliciviruses are ubiquitous marine viruses common in 
pinnipeds and cetaceans in association with vesicular disease 
and premature parturition (see Chapter 17). Caliciviruses 
were detected in a small number of debilitated southern sea 
otters undergoing rehabilitation but have not been docu- 
mented in healthy free-ranging sea otters, or associated with 
any clinical disease presentation (Lahner unpubl. data). 

One case of West Nile virus (WNV)-associated nonsup- 
purative encephalitis was documented in a sea otter under 
human care (Sturgeon pers. comm.). The use of a plaque 
reduction neutralization test is a rapid and sensitive method 
to screen animals for WNV infection. The signs of WNV, like 
many clinical viral infections, are fairly nonspecific and may 
include lethargy, reduced appetite, reduced grooming and 
pelage quality, and an abnormal neurologic examination. 
Treatment consists of supportive care but depends upon the 
severity and type of infection (neuroinvasive vs. other forms). 

Exposure to and infection with bacterial pathogens includ- 
ing beta-hemolytic streptococci, Brucella spp., Leptospira spp., 
Bartonella, and Coxiella burnetti have been documented in 
free-ranging sea otters (Goldstein et al. 201D. Streptococcus 
infections are associated with skin breaks and can vary from 
skin abscesses to endocarditis. Streptococcus phocae and 
Streptococcus infantarius subspecies coli have both been 
linked with fatal vegetative endocarditis (VE) and septice- 
mia (Counihan et al. 2015; Bartlett et al. 2016). Bartonella 
spp. have been associated with septicemia and VE in ter- 
restrial mammals (Breitschwerdt et al. 2010) and have been 
correlated with sea otter VE morbidity, but also documented 
in healthy northern and southern sea otters (Carrasco 
et al. 2014). Exposure to Coxiella burnetti has been detected 
through serosurveys of sea otters with no clinical positive 
correlation found between valvular disease and infection with 
C. burnetti (see Chapter 4; Kersh et al. 2012; Duncan et al. 
2015). Antibodies to Leptospira interrogans and fecal culture 


of Vibrio parabemolyticus have been detected in apparently 
healthy free-ranging sea otters, as well as debilitated animals 
undergoing rehabilitation without symptoms usually associ- 
ated with these infections (Hanni et al. 2003; Goertz et al. 
2013; White et al. 2013). The relationship between these find- 
ings and disease in sea otters is still unknown. 

Standard culture and sensitivity techniques can be used 
to diagnose many common bacterial infections in sea otters, 
depending on the location and type of infection. Enteral 
administration of antibiotics such as enrofloxacin and clava- 
mox have been used with minimal adverse effects. However, 
due to the sea otter’s rapid gastrointestinal transit time, the 
use of parenteral antibiotics including cefovecin or enrofloxa- 
cin may be more effective and less apt to cause secondary 
dysbiosis. 

Systemic mycoses, primarily Coccidioides spp., have been 
reported in free-ranging sea otters primarily along the central 
California coast. A rare case of fulminant systemic disseminated 
histoplasmosis was also reported in a northern sea otter (see 
Chapter 19; Burek-Huntington et al. 2014). Successful treatment 
of sea otters with systemic mycoses has not been documented, 
although it may be attempted utilizing treatments that have been 
reported for cetaceans or pinnipeds under human care. 


Integumentary 


Loughlin (1977) described normal grooming behaviors in 
wild sea otters and divided them into four stages, each appar- 
ently designed to clean, align, and trap air into the pelage 
and distribute sebaceous secretions over the skin and hair. 
Grooming accounts for 5-16% of the daily activity of a wild 
otter (Estes et al. 1986), and captive otters may spend 25% of 
each day in grooming (Antonelis et al. 1981). Familiarity with 
normal grooming behaviors and the appearance of normal 
and abnormal pelage is essential to good sea otter husbandry. 
Grooming typically takes place in the water, especially after 
eating. Otters vigorously rub their fur with forepaws and 
nose, roll repeatedly forward or laterally (log rolling”), and 
appear to actually blow air into the coat. Moribund otters may 
display aberrant grooming behaviors such as rapid rolling in 
the water or obsessively overgrooming one region of their 
coat while the overall coat condition deteriorates. Abnormal 
grooming behaviors and wet pelage in the face of healthy 
environmental conditions is a warning sign that there is a 
likely underlying health issue. If a sea otter’s fur becomes 
fouled by food or fecal debris or by oil or any other hydro- 
philic material, waterproofing is lost. This may occur if the 
otter is too debilitated by other conditions to groom, if the 
otter does not have access to adequate amounts of clean 
water, or if the fur is contaminated by oil or other agents in 
the water or on the haul-out area. The loss of air insulation 
causes body heat to be lost at an increased rate, especially 
when the otter is in water feeding or grooming. Otters that 
have lost coat condition may be unable to remain in water 
or to forage; they rapidly deplete body stores and become 
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hypoglycemic and hypothermic, and this can lead to circu- 
latory collapse, shock, and death unless supportive care is 
instituted (Williams et al. 1995). 

Decubital ulcers may occur in severely debilitated animals 
that haul out on abrasive or even very smooth hard surfaces 
for long periods of time, especially if the hair coat is poorly 
groomed (Wilson et al. 1990). Localized pyoderma second- 
ary to bite wounds or lacerations is a common sequela in sea 
otters and may be secondary to overgrooming. Injection site 
abscesses were seen in some animals during oil spill rehabili- 
tation (Wilson et al. 1990) and following intramuscular injec- 
tion of leuprolide acetate (Calle et al. 1997). Biopsy and culture 
of the skin lesions are recommended followed by appropriate 
antibiotic treatment and correction of underlying factors. Use 
of topical medications is not feasible, due to the potential for 
ointments or creams to foul the waterproofing of the sea otter 
pelage and because a sea otter will rapidly groom and ingest 
any topical medications. Oral steroids and behavior-modifying 
medications (diazepam, fluoxetine) may be helpful for reduc- 
ing the overgrooming of affected regions. Parenteral or oral 
broad-spectrum antibiotics may be useful in treating skin 
infections. Cefovecin injections have been shown to be safe 
and effective in sea otters (Lee et al. 2016). Cytology and/or 
biopsy of the affected region(s) combined with anaerobic iden- 
tification, aerobic culture and sensitivity, and/or fungal culture 
techniques, coupled with acid-fast staining, is recommended to 
ensure adequate and appropriate antimicrobial coverage. 

Injuries from shark bite, boat strike, and intraspecific 
aggression are common, especially in southern sea otters, and 
range from self-limiting skin wounds to massive lacerations, 
fractures, and death. Facial injuries are particularly common 
in females, due to the tendency of males to bite the face and 
nose during normal breeding behaviors. In cases of severe 
wounds, secondary infection and swelling of the muzzle and 
rostrum may compromise nasal breathing and the sense of 
smell. It is not uncommon for these severely affected otters 
to become inappetent, especially in the novel captive setting, 
likely as a result of their inability to smell food. 

Treatment for traumatic injuries is similar to that required 
in companion animal practice, including sedation or general 
anesthesia for examination, debridement and wound closure, 
or fracture repair (if indicated); parenteral or oral antibiotics; 
pain medications; and nutritional support with return to swim- 
ming and grooming in clean seawater as quickly as possible. 


Cardiovascular 


Cardiac disease resulting in death was diagnosed in 13.3% of 
southern sea otters examined between 1998 and 2001 (Kreuder 
et al. 2003). Cardiac lesions include mild to severe nonsuppu- 
rative myocarditis, valvular vegetative endocarditis (VE), and 
dilated cardiomyopathy (DCM; Kreuder et al. 2003; Bartlett et 
al. 2016). The cause of DCM is uncertain but is positively cor- 
related by means of multivariate risk analysis with the occur- 
rence of domoic acid—producing algal blooms (Kreuder et al. 


2003). The occurrence of myocarditis and VE in California 
and Washington is associated with infection by the bacterial 
pathogen Streptococcus phocae (Bartlett et al. 2016), while VE, 
septicemia, and encephalitis in dead and live stranded north- 
ern sea otters are most commonly due to Streptococcus infan- 
tarius subspecies coli, especially in Kachemak Bay, Alaska 
(Counihan et al. 2015). Sea otters with bacterial VE may have 
thromboembolic damage to the kidneys, liver, and spleen; 
present with posterior paresis secondary to saddle thrombus; 
shed bacteria in their urine; and/or show signs of bacterial 
meningitis and encephalitis. They may be in good body con- 
dition but are usually moribund and die shortly after strand- 
ing. Successful treatment of septic endocarditis has not been 
reported. Morbidity or mortality of sea otters under human 
care due to toxin-related or infectious cardiac diseases has 
not been documented. However, there is increasing concern 
that geriatric mustelids are susceptible to cardiac disease; thus, 
incorporating echocardiograms into routine examinations is 
recommended. However, the shape of the sea otter rib cage 
and ventrally flattened thorax make visualization of the heart 
challenging, and echocardiography is more limited than that in 
dogs or cats (Tuomi et al. 2009; Maran pers. comm). 


Musculoskeletal 


Capture myopathy may occur in sea otters (Williams and Van 
Blaricom 1989). Treatment or prophylaxis with vitamin E (400 
IU/day PO) and selenium (0.1 mg/kg once IM) has been rec- 
ommended (Williams et al. 1995). Fractures may occur sec- 
ondary to falls from rocky haul-outs, collisions with boats, 
gunshot wounds, natural predation, or interspecific aggres- 
sion. The aquatic lifestyle of sea otters may allow many frac- 
tures to heal without intervention in free ranging sea otters as 
long as the animal can feed and groom adequately. 

Osteoarthritis of the temporomandibular joint has been 
observed in wild otter skulls (Arzi et al. 2013), and degenera- 
tive osteoarthritis of the vertebrae and joints of the limbs may 
occur in older animals. Palliative treatment with nonsteroidal 
anti-inflammatory medication and joint support supplements 
have been utilized (see Chapter 27), and application of cold 
laser therapies may be beneficial in otters in under long-term 
human care. 


Nervous System 


Protozoal encephalitides are common in southern sea otters 
and discussed in detail in Chapter 20. Seizures and abnor- 
mal mentation have been associated with severe hypoglyce- 
mia, ingestion of algal toxins, and exposure to crude oil, and 
secondary to traumatic or septic brain lesions. Treatment will 
depend on determining and correcting the underlying cause 
if possible, but supportive care followed by antiepileptic med- 
ications such as benzodiazepines, phenobarbital, or similar 
products may be necessary in the long term, and affected 
otters will require permanent human care. 
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Ocular 


Ocular injuries in free-ranging animals are frequently seen as 
corneal ulcers or lacerations progressing to scars or phthisis 
bulbi. A successful lensectomy was performed on an adult sea 
otter subsequent to trauma that had resulted in a punctured lens 
capsule (Sullivan pers. comm.). Following petroleum exposure, 
the sclera and conjunctiva of oiled sea otters may be injected, 
and the lids and cornea may have ulcers, possibly from abrasion 
when the animals attempt to groom oil from around the eyes, 
and from exposure to volatile compounds. Idiopathic hyphema, 
cataracts in older animals, and traumatic corneal ulcers have 
been reported in sea otters under human care. 


Respiratory 


Infestation with nasal mites (Halarachne miroungae, Kenyon 
et al. 1965) may predispose animals to chronic and poten- 
tially severe sinus or turbinate infections (see Chapter 25, 
Figure 25.9). Infestations due to H. miroungae have recently 
been documented in southern sea otters and may be due to 
transfer from harbor seals (Pesapane pers. comm.) Successful 
treatment of nasal mites can be challenging, as the infec- 
tion can be passed and maintained between animals. Young 
animals are particularly susceptible to heavy infestations and 
related sinus issues. Commonly used treatments include intra- 
nasal ivermectin and rectal selamectin. Anaphylactic shock in 
response to intranasal ivermectin was reported in one ani- 
mal (Clauss pers. comm). Rectal selamectin treatments have 
reportedly caused irritation and inflammation of the rectal 
and surrounding tissues. 

Pulmonary interstitial emphysema was frequently seen in 
sea otters exposed to volatile gases in the early phases of the 
Exxon Vatpez oil spill (Williams et al. 1995), and some severe 
cases progressed to subcutaneous emphysema (see Chapter 
2). Similar lesions have also been seen on necropsy of ani- 
mals dying from other causes. Bacterial and fungal pneumo- 
nias are infrequent, and parasitic lung infections have not 
been reported. One young sea otter under human care was 
diagnosed with asthma and presented with marked, acute 
respiratory distress that was responsive to steroids. Thoracic 
radiographs of the asthmatic sea otter were similar to those 
of feline asthma with evidence of bronchial wall thickening. 
Long-term management was achieved through daily, inhaled 
fluticasone via medical behavior training and albuterol when 
necessary for mild asthmatic clinical signs such as out- 
stretched neck, increased respiratory, rate, and decreased 
appetite (Lahner unpubl. data). 


Urogenital and Reproductive 


Adult female sea otters may develop perivulvar uroliths 
of unknown etiology. The uroliths can range from small 
granular white debris to large (>1 cm), solid, stonelike 
masses embedded in the fur surrounding the vulva. Severe 


presentations of these uroliths include purulent vaginitis and 
hemorrhagic, focal, vulvular pyoderma, but renal compli- 
cations have not been reported. Perivulvar uroliths can be 
submitted for crystallography and culture to determine type 
of stone and possible bacterial nidus or association. Analysis 
of perivulvar crystals from three animals revealed three dif- 
ferent compositions (magnesium ammonium phosphate, 
calcium phosphate carbonate, and calcium oxylate), and a 
small stone removed from the bladder of a wild female at nec- 
ropsy was reported as a magnesium ammonium phosphate 
urolith with unidentified birefringent crystalline material on 
the surface (Minnesota Urolith Center, St. Paul, Minnesota). 
Gentle removal of perivulvar uroliths during routine immo- 
bilizations, followed by application of tissue-friendly cleaning 
solutions such as chlorhexidine solution, is recommended to 
decrease the buildup and subsequent irritation to the periv- 
ulva region. Cytology and culture of urolith material removed 
prior to treatment may be useful for monitoring the bacterial 
flora associated with perivulvar uroliths. 

Pyometra and bacterial vaginitis have been reported in 
sea otters, and an ovariohysterectomy has been performed 
(Clauss pers. comm.). Breeding of sea otters under human care 
is discouraged by USFWS in order to save space in facilities 
for orphaned wild pups. Successful reproduction of sea otters 
under human care in the United States has been infrequent 
(Larson, Casson, and Wasser 2003) but is more common in 
Japanese facilities. Complications associated with pregnancy 
and birthing have been reported, including a successful cesar- 
ean section (Larson pers. comm.). Uterine torsion was surgi- 
cally corrected in a sea otter housed in a seaquarium (Williams 
pers. comm.), and was found at necropsy on a previously 
live-stranded sea otter (Rennie and Woodhouse 1988) and 
in females necropsied during the 1989 Exxon Vatpez oil spill 
(Tuomi et al. 1995). Dystocia has been treated with oxytocin 
and an assisted delivery performed on a female in long-term 
human care (Huff pers. comm.) Fractures of the os penis and 
penile lacerations from male territorial interactions may cause 
severe blood loss, paraphimosis, and/or inability to urinate. 


Neoplasia 


Although a variety of neoplastic conditions have been reported 
in sea otters; neoplasia is rare in free-ranging sea otters (see 
Chapter 14). Systemic chemotherapy has been used to treat leu- 
kemia in a captive sea otter with moderate success in prolonging 
the life expectancy and quality of life (Haulena pers. comm.). 
Polymerase chain reaction (PCR) and immunohistochemistry 
may be useful in diagnosis if a viral association is suspected. 


Surgery 


Although there are few published reports of surgical proce- 
dures in sea otters other than implantation of radio trans- 
mitters (Williams and Siniff 1983), standard small animal 
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techniques have generally been employed (Williams et al. 
1983; McDermott et al. 2013), and several advanced surgi- 
cal procedures have been performed in sea otters including 
a lung lobectomy (Mitch pers. comm.), nephrectomy (Tang 
pers. comm.), and a prepubic urethrostomy (Brown pers. 
comm.). Shaving of the fur should be avoided in all free- 
ranging animals, as hair loss can create loss of thermal insula- 
tion and compromise a debilitated animal and overgrooming 
and pyoderma have been noted subsequent and to shaving of 
animals under human care. As an alternative, a water-soluble 
disinfectant gel (sterile lubricating jelly mixed with povidone 
iodine solution) may be worked into a small area of the coat. 
The hair can then be parted to expose skin for surgical inci- 
sions and sterile drapes clamped to the skin edges after com- 
pletion of the initial skin incision. 

Sea otters may react to suture materials, and the use of 
materials that are impregnated with antimicrobials may cause 
tissue irritation, swelling, and other complications. Closure 
of the abdomen is recommended in at least three layers 
to ensure the closure is strong enough to withstand active 
grooming immediately after surgery. The body wall should 
be sutured with a noncontinuous technique with extra hold- 
ing capacity. Subcutaneous tissues should be opposed with a 
continuous pattern of absorbable suture followed by a con- 
tinuous subcuticular and/or interrupted skin suture pattern. 
Sea otters with appropriate surgical closures should return to 
water immediately to ensure appropriate grooming and ther- 
moregulation and to promote gastrointestinal motility. 


Dentistry 


Dental caries, fractures, and abscesses are common in wild 
sea otters and have been associated with death in older otters 
(Winer, Liong, and Verstraete 2013), and the extent of dental 
wear is often used to estimate age. Periodontal disease is 
seen in wild sea otters secondary to calculus accumulation 
and food impaction and has been reported in otters in long- 
term care. Extraction of damaged teeth eliminates discomfort 
and reduces infection, but dental loss may reduce foraging 
ability. Young et al. 1999) reported on the use of long-acting 
zinc chlorhexidate gel, offered as ice cubes, for the long-term 
control and prevention of gingivitis and periodontal infec- 
tions in captive northern sea otters. Sea otters under human 
care benefit from annual dental examinations coupled with 
dental radiography, scaling, and polishing of teeth. Due to sea 
otters’ diet and extensive mastication of hard foodstuffs, the 
use of root canal therapies is not recommended, and extrac- 
tions may be more appropriate. 


Preventive Medicine 


Annual preventive health examinations for sea otters typically 
require sedation and can include the following: 


1. Complete physical examination including ocular 
examination 

2. Phlebotomy for routine complete blood cell counts, 
clinical chemistry panel, blood vitamin levels, and 
serology 

3. Full-body radiographs 

4. Urinary bladder cystocentesis with a complete uri- 
nalysis and urine protein—creatine ratio 

5. Complete dental examination with radiographs, scal- 
ing, and polishing 

6. Treatment of nasal mites including rhinoscopy 

7. Removal and submission of perivulvar uroliths 
(if present) for culture and crystallography 

8. Rectal/fecal culture and parasite testing 

9. Abdominal ultrasound and echocardiography 


Routine vaccination of sea otters is performed in some, 
but not all, institutions, depending on the regional varia- 
tions in disease prevalence. Schaftenaar (pers. comm.) has 
utilized commercially available canine distemper subunit 
vaccine, inactivated canine parvovirus vaccine, and lepto- 
spirosis bacterin in two sea otters housed at the Rotterdam 
Zoo in the Netherlands. Commercial recombinant CDV vac- 
cines have been shown to be safe and produce detectable 
serum-neutralizing antibody responses in sea otters under 
human care (Jessup et al. 2009). The use of killed-virus 
WNV commercial vaccines in long-term captive sea otters 
was safe and resulted in low titers of serum-neutralizing 
WNV antibodies (Lahner et al. 2014). Rabies vaccination is 
required for transport of sea otters to Europe and may be 
advisable in sea otters in outdoor exhibits in endemic areas. 
Killed rabies vaccine has been administered to sea otters 
using products marketed for dogs, cats, and ferrets, and 
produces measurable titers without observable side effects, 
but titers decline quickly after initial vaccination (Goertz 
pers. comm.). In areas with high prevalence of heartworm 
(Wirofilaria immitis), it is recommended that sea otters be 
tested annually for this condition. Prophylactic use of iver- 
mectin products has been used for prevention of heartworm 
infestation in endemic areas and appears to be safe and 
efficacious at canine dose rates. 

The use of voluntary medical behaviors for sea otters 
under human care is necessary to appropriately manage 
these animals in zoos or aquariums. A set of basic behav- 
iors is recommended for the majority of animals to quickly 
diagnose and treat disease under behavioral control, includ- 
ing stationing for weights (suggested weekly), radiographs, 
auscultation, and abdominal palpation, and ocular examina- 
tions and eye drop application, and as well as crating and/ 
or net behaviors. Voluntary phlebotomy and medical injec- 
tions have been performed on nonsedated sea otters using 
a modified restraint device, but are not as readily trained or 
as safe as when these procedures are performed on trained 
pinnipeds or cetaceans. 
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Introduction 


The polar bear (Ursus maritimus) is unique among the family 
Ursidae in that it is adapted to a semiaquatic lifestyle, spend- 
ing as much as 50% of its life on ice floes and swimming up 
to 90 km (0 mi) between floes (see Stirling 2011 for thor- 
ough review of its natural history). As an Arctic species, the 
polar bear is extremely vulnerable to rapidly changing envi- 
ronmental conditions associated with the warming climate. 
It has become the poster child for climate change (a bear 
recently swam 687 kilometers between floes due to scarcity 
of ice; Durner et al. 2011), and thus, there are targeted studies 
ongoing to understand and document the impact of climate 
change on Arctic animal health. Such studies depend upon 
knowledge and understanding of an individual animal health 
and physiology, and interdisciplinary collaborations to link 
individual animal health changes to population demographic 
changes (e.g., see Hunter et al. 2011; Sterling and Derocher 
2012; Rode et al. 2014; Wiig et al. 2015). This chapter focuses 
on medicine for individual bears in zoological collections and 
presents pertinent information on the biology, husbandry, 
physiology, and diseases of this unique animal. 


Natural History and Physiology 


The polar bear is a member of the order Carnivora, family 
Ursidae, genus Ursus, and species maritimus. It shares a com- 
mon evolutionary ancestor, Ursus etruscus, with the brown 
bear (Ursus arctos; Stirling 2011). The geographic range of 
the polar bear extends throughout the circumpolar Arctic, 
including Canada, Greenland, Denmark, Norway, Russia, and 
the United States; there are 19 recognized subpopulations but 
only one species. Polar bears live at the edge of the ice pack, 
moving south as winter approaches, following ice formation, 
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and then north again when the ice begins to melt in the spring, 
and may move ashore during summer. Male polar bears tend 
to live near the coast during the winter, whereas females may 
move inland with their cubs and for winter denning. 

The bears have several adaptations for life on the polar 
sea ice. These include short tails and small ears to help 
reduce heat loss, thick fat layers of up to 11.5 cm @3 in.), and 
completely furred bodies (aside from nose and foot pads), 
to protect them from temperatures that can drop to —45°C 
(-49°F) during the severe cold of winter. Polar bear hair is 
of two types: short, white, dense fur close to the body; and, 
long, transparent, hollow, guard hairs, which help keep the 
fur from matting while the animal is in the water. The skin of 
polar bears is black, which tends to absorb more radiant heat. 
The disadvantage to the black skin in a captive environment 
that has limited sunlight is that there can be decreased vita- 
min D synthesis in concurrence with the polar bear’s lipid- 
rich diet, resulting in rickets in young polar bears (Chesney 
and Hedberg 2010). 

Wild polar bears vary a great deal in size, with variability 
in morphology across their range and through time (Sterling 
and Derocher 2012). They are sexually dimorphic: the aver- 
age adult male weighs 350-600 kg (770-1,320 lbs), with a 
length of 2.5-3.0 m (8-10 ft) and the average female weighs 
150-300 kg (330-660 Ibs), with a length of up to 2.5 m ©8 fv). 
The largest male bears have been recorded to weigh as much 
as 800 kg (1,760 Ibs) in the wild, but this is rare (Stirling 2011). 

The mean rectal temperature of captive polar bears 
is 375°C (99.6 °F), with a range of 37.2-38.4°C (99-101°F). 
Compared to captive bears, free-ranging polar bears have a 
slightly lower body temperature, at about 36.5°C. The normal 
resting pulse rate is 60-90 beats per minute, and the respi- 
ratory rate is 15-30 respirations per minute. The body tem- 
perature, pulse rate, and respiratory rates vary with certain 
factors, including activity level, state of excitement, ambient 
temperature, and age (Wallach and Boever 1983). 

Polar bears are better adapted to retaining heat than dissi- 
pating it. When ambient temperatures increase, the bears are 
known to lie spread-legged on ice to help conduct heat away 
from their bodies. When on land, they dig small depressions 
that enable them to lie next to the cool earth (Oritsland 1970; 
Best 1982). 

Free-ranging bears are known to travel great distances. 
Once thought to move randomly, they are actually mostly 
territorial and consist of distinct subpopulations with ranges 
determined by weather, ice, and food conditions (Stirling 
2011). Their range size varies and appears to be directly 
related to the amount of food available (Auger-Méthé, Lewis, 
and Derocher 2016). The average size of a feeding range is 
approximately 500 km7?, although ranges as large as 5,000 km? 
have been recorded. Young bears may travel 1,000 km 
(~645 mi) from their dam before establishing their own range. 
In food-dense regions, ranges tend to overlap. With the cur- 
rent climatic changes in the extent of seasonal and perma- 
nent ice and ice floes, bears are now needing to travel much 


greater distances to meet their foraging needs and then return 
to denning areas than in recent history (Derocher, Dunn, and 
Stirling 2004; Dawson et al. 2010). 

Polar bears do not hibernate, but they can go into a dor- 
mancy state called denning. During this period, the bear’s heart 
rate slows, but the body temperature does not decrease (as it 
would if in hibernation; Stirling 201D. Although polar bears do 
not hibernate, they have been shown to contain hibernation 
induction trigger (HIT) in their blood at levels consistent with 
levels in black bears that do hibernate (Bruce et al. 1990); and 
in the view of some researchers, the “denning” state is a form 
of hibernation (Lennox and Goodship 2008). 

Polar bears are metabolically able to go long periods 
without eating. In the late summer and fall, when food is 
scarce, they have been known to survive more than a month 
with virtually no food. Some people refer to this with the 
misnomer “walking hibernation,” since these polar bears 
have urea and creatinine levels similar to those of hibernat- 
ing black bears (Stirling 2011. The female both in a den with 
cubs as well as in times of food shortage can control urea 
recycling and thus can survive extended periods of fasting 
(Stirling 1974; Ramsay, Nelson, and Stirling 199). 

The life span of polar bears in captivity is approximately 
25 years (Latinen 1987), but several captive bears have been 
reported to live well into their 30s. Annual survivorship of 
wild bears is 95%, and the oldest-known-age wild bears were 
32-year-old females (Stirling 2011). 


Nutrition 


Free-ranging polar bears are seasonal hunters, with ringed 
seals (Phoca hispida) being their primary food source. These 
seals live mostly on shore fast or sea ice. Other prey include 
bearded seals (Erignathus barbatus), other smaller mammals, 
and beach carrion (Bentzen et al. 2007). Polar bears have also 
been observed killing and eating belugas (Delphinapterus leu- 
cas) in the Bering and Chukchi Seas (Lowry, Burns, and Nelson 
1987), walrus (Odobenus rosmarus), calves (Ovsyanikov 1996), 
snow geese (Rockwell and Gormezano 2009), and little auks 
(Stempniewicz 1993). Polar bears hunt most often during the 
months of November through June, when seals are abundant 
and the ice is good for hunting. Most adult polar bears only 
eat the skin and blubber of their prey, leaving the muscle 
and organs, although young, growing animals, and lactating 
females that have higher protein requirements, generally eat 
whole carcasses (Nelson 1983). Polar bear cholesterol levels 
are lower when eating a strict seal blubber diet than when 
fasting. This difference is likely due to the protective qual- 
ity of the omega-3 fatty acids contained in seal blubber. On 
average, an adult polar bear will kill one 65 kg @140 Ibs) 
ringed seal every 5 or 6 days during peak hunting season 
(Stirling 2010. 

The vitamin A content of polar bear liver is higher than 
in any other mammal and varies seasonally. In midsummer, 
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the vitamin A content is highest at 22,000-—29,000 IU/g liver, 
whereas in winter, levels are 13,000-18,000 IU/g liver. These 
ranges mirror that of the quantity in the seals being con- 
sumed (Lewis and Lentfer 1967; Leighton et al. 1988). Vitamin 
A in the liver is stored primarily in the ester form (98%). The 
esters are retinyl palmitate (37.3%), retinyl oleate (20.9%), stea- 
rate (12.8%), and linoleate (7.7%; Ball et al. 1986) 

In contrast to the seasonal variation of diets in free-ranging 
bears, captive bears are commonly fed a consistent daily ration 
of commercial omnivore pellets or dog food. These diets are 
generally supplemented with a variety of other food items, 
both for nutritional diversity and behavioral enrichment. At 
least 60% of the diet, by weight, should consist of dry food. Up 
to 40% of the diet may include fruits, vegetables, fish, and pre- 
pared meats. If animals are being fed fish, thiamin should be 
supplemented at a rate of 25 mg/kg of food eaten, and vitamin 
D supplemented at 1000 IU/kg feed. In addition, both fresh- 
water (trout) and marine (herring, capelin) fish have been fed 
with no apparent problems. The total volume of diet is based 
on a variety of factors, including age, season, weight, and 
activity level. The nutritional requirements of young, pregnant, 
and lactating female polar bears are assumed to echo those 
of other ursid species (see Chapter 29), although literature 
is sparse. The female bear’s milk composition changes over 
the 18-24 months it nurses its cub(s). The fat content is high- 
est upon emerging from the den (35.8%) and then decreases 
to weaning the following autumn (20.6%). There is no change 
in the composition of polar bear milk during the months they 
are foraging on sea ice (Derocher, Dennis, and Arnould 1993). 
Infant bears are difficult to hand-rear; methods used for polar 
bears are described in Chapter 30. To guard against obesity 
in older bears under managed care, decreases in activity lev- 
els associated with age and sometimes arthritis should cor- 
respond to decreases in calories offered. Many older animals 
lose the ability to excrete excess nitrogenous waste (end-stage 
renal disease was present in up to 20% of geriatric bears that 
died in the US zoo population; LaDouceur, Davis, and Tseng 
2014), so a reduction of protein concentration in the diet may 
be necessary. In geriatric bears, with worn teeth, digestibility 
of the diet may need improving to avoid offering decreased 
nutrients to the animals. 


Reproduction 


Polar bears mature between 4 and 8 years of age. Polar bears 
are polygamous. In the wild, they congregate during the 
breeding season (which lasts from late March to May) and 
during the fall (although with some regional variation). Even 
though breeding occurs from late March to May, because 
female polar bears undergo delayed implantation, the fer- 
tilized ova do not implant until September or October; the 
gestation period then from mating to when the female gives 
birth can vary from 195 to 265 days (Boyd, Lockyer, and 
Marsh 1999). Prior to giving birth, and after a period of heavy 


feeding, the female builds a den, consisting of two chambers, 
in the snow. Bears give birth in November or December and 
remain in the den until March or April Gtirling 2011). Changes 
in denning ecology associated with climate change are now 
being observed (Derocher et al. 2011). 

The polar bear has a zonary endotheliochorial placenta. 
Dystocia has not been observed or recorded and is unlikely 
due to the size of the neonate and its low birth weight (600- 
700 g; 1-1.5 lbs) compared to the size of the female. As many 
as four altricial cubs can be born, with eyes closed, and with 
twins being quite common. It takes up to a month for the cubs 
to open their eyes. In captive situations, the female will often 
become anorexic prior to denning. When the animals emerge 
from the den, the young weigh around 10 kg (22 Ibs) each. 
The mother will take care of the cubs for up to 28 months. 
The length of care is dependent upon weather conditions 
and the age of the female. Bears living farther north tend to 
be with their young longer than those that live farther south 
(Ramsay and Stirling 1988). 


Endocrinology 


Reproductive Hormones 


One can predict pregnancy in the polar bear with some degree 
of accuracy. Endotheliochorial placentation in association with 
corpus luteal (CL) growth leads to an increase of circulating 
progesterones during pregnancy. It has been hypothesized that 
serum progesterone concentrations rise rapidly at conception 
in the spring (to ~5 ng/mL); furthermore, this concentration 
of progesterone is maintained throughout the preimplantation 
period. With implantation in autumn, there is an additional 
twofold to threefold increase in serum progesterone as the CL 
undergoes greater vascularization with the implantation event 
(Lono 1972). Nonpregnant females appear to have consistently 
low serum progesterone levels of 0.1-0.2 ng/mL (Derocher, 
Stirling and Andriashek 1992). 

Testosterone levels in male bears show seasonal variation 
with levels highest in the spring, correlated with photoperiod 
but not with metabolic state. There is a corresponding increase 
in testicular size with the increase in testosterone, as well as 
a direct correlation of testosterone levels with increasing age 
(Palmer et al. 1988). 


Thyroid Hormones 


The plasma concentrations of thyroid hormones, triiodo-1- 
thyronine (T3) and 1-thyroxine (T4), vary with gender and age 
(see Chapter 8). Adult males tend to have lower levels than 
adult females of both T3 and T4. Adult male thyroid hormone 
levels average 0.68 ng/mL (T3) and 32.0 ng/mL (T4), while 
female levels are 1.23 ng/mL and 45.0 ng/mL, respectively. 
In juveniles, the values are reversed, with the males having 
higher values than the females (Leatherland and Ronald 1981). 
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Housing 


There are minimum requirements dictated by the US 
Department of Agriculture for housing and maintaining polar 
bears (Association of Zoos and Aquariums 2007, Animal 
Welfare Act 1966 [amended 2008]). The minimum require- 
ments include provision of a pool of water, a dry resting and/ 
or social area, and a den (see Chapter 31). It is important 
to note that Animal Welfare Act (AWA) regulations pertinent 
to marine mammals, and specifically those pertinent to polar 
bears (requirements from January 2009), are currently under 
review, and the reader is directed to examine the new regula- 
tions once they are finalized. 

In the current AWA regulations, specific requirements for 
pool size are a minimum horizontal dimension (MHD) of not 
less than 2.44 m (8.0 ft), a surface area of not less than 8.93 m2 
(96.0 ft?), and a minimum depth of 1.52 m (5 ft). The regula- 
tions do not specify a specific shape, but minimum dimen- 
sions must be maintained, and normal horizontal and vertical 
space must exist to allow for normal posture and movement. 
These dimensions are for one or two bears; for each additional 
bear, the surface area must be increased by at least 3.72 m? 
(40 ft?). Any area of the pool that does not meet the 5 ft 
depth requirement cannot be used to provide the additional 
area. The dry resting and social activity area must be at least 
37.16 m? (400 ft?). Each additional bear is required to have an 
additional 3.72 m? (0 ft”). There must also be enough shade 
in this area to provide coverage for all bears in the enclosure. 

A den is required for pregnant females and must be at 
least 1.63 x 1.63 m © x 6 ft) and 1.52 m (5 ft) in height. Each 
female must be provided with her own den. The den area 
must be in a secluded area that will minimize any noise and 
visualization of humans and other bears, especially the male, 
who may be housed nearby. There is no need to make a den 
that is too large, as large dens are not effective at providing 
the proper environment for successful cub rearing (Wemmer 
1974). Natural dens often have two chambers, but these do 
not appear to be necessary, as long as the den provides the 
female with security and quiet. The female should be checked 
throughout the denning period. Electronic surveillance equip- 
ment assists in maintaining a quiet environment while allowing 
for frequent checks of the female and her cubs. The chamber 
should be bedded with clean, dry straw before the female 
dens but should not be disturbed once she accepts the den. 

These are US legislative standards for captive care and 
are not necessarily considered adequate for a captive animal's 
comfort and space, particularly considering the immense 
spaces that polar bears utilize in the wild. 


Behavior 


Polar bears are solitary, migratory animals, which generally 
have little association with their own species, except at times 


of extremely plentiful and clumped food supplies, during 
mating season, or when a female is taking care of her cubs. 
Cannibalism has been observed in polar bears (Furr and 
Stenhaus 1983; Lunn and Stenhouse 1985; Derocher and Wiig 
1999b). It is therefore appropriate to house females with cubs 
alone (without males) for up to 2.5 years. 

Polar bears are prone to stereotypic behaviors, such as 
pacing, in captivity. Behavioral enrichment programs have 
helped to decrease this stereotypy (Ames 1993). Fluoxetine 
at a dose of 1 mg/kg PO once a day (SID) may reduce or 
eliminate some stereotypic behavior without affecting nor- 
mal behaviors, such as eating, sleeping, other motor activities, 
and interactions with other animals and keepers. This drug 
is a second-generation antidepressant, and its use should be 
monitored carefully as there is variation in its effects among 
patients (Poulsen et al. 1996; Teskey et al. 1996). 

Introductions of strange polar bears to one another, e.g., 
for the purpose of mating, can be difficult, due to the likeli- 
hood of aggression between the two animals. The introduc- 
tion can be accomplished in a variety of ways using “creep 
doors” or those where the animals can see, hear, and smell 
one another for periods of time before actually being placed 
in the same enclosure. When introduced, escape routes need 
to be made available for the smaller bear. Other methods of 
introduction involve the use of oral or injectable tranquilizers, 
such as diazepam, midazolam HCl, or acepromazine maleate, 
to reduce the intensity of aggression as animals are intro- 
duced. The dosing and route of administration are variable 
and depend on the nature of the animals and other factors, 
such as time of year, age, previous associations with other 
animals, and most importantly, the sexual receptivity of the 
female to a male (Wemmer, Von Ebers, and Scow 1976). 

There are many anecdotal reports of mother polar bears 
causing trauma, including possible fractures, in their young 
(Cook et al. 1994; Briggs unpubl. data). There have also been 
observations of free-ranging female bears adopting cubs from 
other females (Derocher and Wiig 1999a). Thus, it is believed 
that in zoological collections, if proper facilities are available 
for the denning mother, the likelihood of problems can be 
managed. It is important to maintain proper standards to 
minimize any disturbance, not only during the denning time 
but also during the perinatal period. 


Training for Veterinary Procedures 


Training marine mammals, including polar bears, for medi- 
cal examinations has been widely used for more than 
50 years, as it can allow for the acquisition of samples and 
administration of medications without the use of anesthe- 
sia or tranquilization, at reduced risk to the animal (Ross 
2006; Brando 2010). Training can include very basic hus- 
bandry techniques or more athletic behaviors, from shift- 
ing enclosures and visual body condition inspections to 
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hands-on morphometrics and biomedical sample collec- 
tion G.e., blood, feces, urine, and gastric samples; McLeod 
2007; Houser, Finneran, and Ridgway 2010). It is essential to 
develop a cohesive and progressive training program based 
on institutional requirements and restrictions, as well as vet- 
erinary procedures. 

Teaching animals to participate in their daily care allows 
them to have more control and choice over their environ- 
ment (see Chapter 39). An animal can be closely monitored 
during daily training sessions, and relationships between ani- 
mal care/veterinary staff and the animal may be established, 
while desensitizing the animal to the presence of large num- 
bers of staff working around it. The animal is calmer, stress 
is reduced, and these types of activities increase the safety of 
animals and staff alike. A clear well-considered overall plan 
for desired medical procedures and schedules allows train- 
ers, veterinary care staff, and clinicians to clearly understand, 
communicate, and coordinate implementation of animal care 
for polar bears (Shaw 2006). Consistent working relation- 
ships between staff and animals can provide a never-ending 
source of ideas for new, mentally stimulating scenarios for 
psychological benefit and behavioral enrichment (Staddon 
and Cerutti 2003). 


Restraint 


Polar bears can easily be managed and trained to go into a 
chute or squeeze system with the use of positive reinforce- 
ment (see below). Once in the restraint area, the animal can 
be closely observed, and if procedures call for it, injections 
can be administered using a pole syringe or by anesthetic 
dart via an air gun. The material for the chute must be of a 
sufficiently heavy gauge and construction so the bear cannot 
damage it, or hurt itself by biting it. If the gauge and dimen- 
sions of the mesh are inappropriate, it is very easy for a bear 
to fracture a canine tooth. 

Due to the limitations of the chute or a squeeze cage 
for restraint, anesthesia is the most practical form of restraint 
for polar bears if the training goals cannot be achieved (see 
Chapter 26). 

Worldwide, there are at least five manufacturers of projectile/ 
dart systems for administration of pharmaceuticals in polar 
bears. These are as follows: 


Palmer Cap-Chur Equipment: 421 Tidwell Road, Powder 
Springs, GA 30127 

Dan Wild LLC, DanInject Dart Guns, 501 W Powell 
Lane, Suite 201, Austin, TX 78753 

Paxarms New Zealand LTD, 431 Cathedral Road, 
Domett, 7383, Cheviot, New Zealand 

Pneu-Dart, Inc., 15223 Route 87 Highway, Williamsport, 
PA 17701 

Teleinject USA, Inc., 9316 Soledad Canyon Road, Agua 
Dulce, CA 91390 


Physical Examination 


Except for very young, hand-reared animals, examinations 
need to be performed while the animal is either anesthetized 
or under behavioral control through protective barriers. As 
mentioned above, polar bears can be trained using progres- 
sive husbandry techniques for visual exam, blood collection, 
and sometimes, fecal sampling. Examinations should be done 
on a predetermined schedule, or when dictated by clinical 
disease. The examination schedule should be designed to fit 
the facility housing the bear and the frequency and type of 
disease suspected. A physical examination should always be 
performed before shipment of an animal and during the quar- 
antine period of a new arrival. 

The examination should include the collection of basic 
biological parameters and also focus on any specific com- 
plaints or maladies noted prior to the examination. Once 
immobilized, the animal should be secured so that move- 
ments will not threaten the veterinarians and technicians 
involved in the procedure. This can easily be done by the 
use of a control pole or “catchpole” and mechanical restraint, 
such as ropes, around the feet or legs. Once secured and the 
team is assured that the animal is sufficiently anesthetized, 
vital signs (body temperature, pulse and respiration rates) 
are taken. An electrocardiogram (ECG), blood pressure cuff, 
and pulse oximeter can monitor heart function and oxygen 
saturation of the blood (see Chapter 26). Basic examination 
should include auscultation of the heart and lungs, palpation 
of the abdomen and joints, and visualization of the general 
body and hair condition. It is a good idea to physically pal- 
pate the entire body, since the thick hair can easily conceal 
small masses, cuts, and abrasions. The use of an otoscope 
to examine the ears, and an ophthalmoscope to examine 
the eyes, is also recommended. Visualization of the genitalia 
is important, and palpation of testes or mammary glands is 
recommended to check for the presence of any masses. A 
complete oral examination should be performed, checking 
the teeth for any fractures, evidence of caries, or periodontal 
disease. A photographic record of the bear and its oral cavity 
is advised. Blood should be collected for a complete blood 
count (CBC) and serum profile (see Appendix 1, Table 
A1.6), and feces and urine collected for culture and micro- 
scopic examination. Radiographs of limbs may be done with 
a portable radiograph machine, but any thoracic or abdomi- 
nal radiographs will require the use of a large, nonmobile, 
high-mA machine, such as is used in human hospitals and 
advanced large animal facilities (see Chapter 24). Generally, 
these machines are fixed and in a specifically assigned and 
built radiology room; thus, radiology will generally require 
transport of the animal after immobilization, a consideration 
that needs to be addressed prior to anesthesia. Portable ultra- 
sound machines are very helpful in the diagnosis of certain 
conditions and are easily brought to the site of immobiliza- 
tion (see Chapter 24). 
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Venipuncture 


The two primary sites for blood collection are the jugular 
and femoral veins. The jugular veins are located in the neck 
from the angle of the jaw to the thoracic inlet down the ven- 
trolateral aspect of the neck. The venipuncture site should be 
clipped and aseptically prepared by cleaning with an appro- 
priate, fast-acting, broad-spectrum antiseptic, such as tincture 
of alcohol or alcohol mixtures. The vessels are distended by 
occluding them by applying pressure to the area over them, 
just anterior to the clavicle. The femoral vein traverses the 
medial aspect of both proximal hind limbs. It can be palpated 
in the tissue between the extensor and the flexor muscles 
of the hind limb. It is best accessed by having the animal in 
lateral recumbency and having an assistant raise the opposite 
leg to allow for access to the limb being bled. The digital/ 
phalangeal vessels may also be used with small-gauge nee- 
dles when drawing blood from a trained, cooperative bear 
while it is awake. Due to the small diameters of the bear’s 
vessels, it is necessary to be patient, have a long hold time 
for the bear, and use small collection vials. The sublingual 
vein is useful for administering emergency medication. The 
saphenous vein can be used for either blood collection or 
the administration of intravenous fluids. The cephalic vein on 
the dorsal aspect of the forelimb is also accessible. 


Developmental/Anomalous Diseases 


There are reports of female pseudohermaphroditic polar 
bears at Svalbard. These cases may be caused by excessive 
androgen secretion from a tumor in the female or because of 
endocrine disruption due to environmental pollutants (Wiig 
et al. 1998). Hypospadias was reported in a 1.5- year-old male 
but was surgically corrected without incident (Stamper et al. 
1999). The first case of agenesis of the radius in a nondo- 
mestic species was reported in a polar bear cub delivered 
by Caesarian section; cause for this is unknown (Lanthier, 
Dupuis, and Pare 1998). Supernumerary mammae have also 
been reported (Derocher 1990). 

Gastric dilatation and volvulus have been reported as 
causes of death in free-ranging polar bears and in several 
other species of captive bears (Amstrup and Nielson 1989). 
Acute renal failure was documented by Crawshaw (1980). 
End-stage renal disease is found in as many as 20% of the 
captive polar bear population at death (LaDouceur, Davis, 
and Tseng 2014) 


Nutritional Diseases 


Multiple disease problems have been reported in polar bears 
due to problems with nutrition (see Chapter 29). Some of 
these nutritional problems may relate to the extremely unique 
diet of polar bears and to the deviations from those wild 


diets in captive situations. Rickets has been reported in two 
hand-reared cubs, but the condition resolved after dietary 
changes (Kenny, Irlbech, and Eller 1999). Hypovitaminosis A 
results in a dermatitis in polar bears that is treatable with 
vitamin A supplementation, either as an increase in the over- 
all content of the ration or by supplementation with a vita- 
min A-rich additive, such as cod liver oil (Kock, Thomsett, 
and Henderson 1985). Surveys have revealed that zoos that 
feed bear diets with over 20,000 IU of vitamin A/kg of feed 
have bears with good to excellent hair coats (Foster 1981). 
Although wild polar bears have high levels of vitamin A in 
their livers (Leighton et al. 1988; Ball, Furr, and Olson 1986), 
any supplementation must be considered carefully so as not 
to cause toxemia. Calcium deficiencies have been reported 
in polar bears fed on a meat-only diet, but this is not com- 
monly seen in a modern zoo setting (Wallach 1970). There is 
also some evidence supporting the need for taurine in young 
animals to help avoid metabolic bone disease in cubs raised 
in captivity (Chesney et al. 2009). 


Neoplasia 


Biliary adenocarcinomas have been described in the polar 
bear (Miller et al. 1985), as well as hepatocellular carcinomas 
(Miller and Boever 1984). Signs of these diseases are asso- 
ciated with dysfunctional livers and include ataxia, icterus, 
ascites, and lethargy. These are most commonly seen in bears 
over 17 years of age. 


Infectious Diseases 


With climate change, it is anticipated that free-ranging polar 
bears will spend more time near shore or on land, coming 
in closer proximity to humans and their associated domes- 
ticated animals; in addition, other terrestrial mammals may 
move north as conditions become more favorable for them. 
All these things are expected to bring more foreign and novel 
infectious disease agents into the geographic range of polar 
bears, thus increasing their chances of exposure and infec- 
tion and impacting their overall health (Derocher et al. 2004). 
Infectious diseases of polar bears and their ecological impor- 
tance under changing climatic conditions are reviewed by 
Fagre et al. (2015). 


Viral Diseases 


Rabies has been reported in a polar bear (Taylor et al. 1991). 
In this case, the animal was found with posterior paraly- 
sis. Diagnosis was made postmortem using mouse inocula- 
tion and immunoperoxidase stain on the spinal cord and 
Gasserian ganglion. In areas that have a high prevalence of 
rabies in wild and feral animals, it may be prudent to vacci- 
nate bears with a killed rabies vaccine. 
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West Nile virus caused encephalitis in a bear housed at 
the Toronto Zoo (Dutton et al. 2009). Equine herpesvirus has 
caused neurologic disease, both by horizontal spread (EHV- 
9; Donovan et al. 2009) and following vaccination (EHV-1; 
Greenwood et al. 2012). Morbillivirus titers have been found 
in many free-ranging polar bears, with titers highest to canine 
distemper virus rather than marine mammal morbilliviru- 
sues (Garner 1996; Garner et al. 2000; Tryland et al. 2005). 
Although canine adenovirus type 1 has been shown to cause 
disease in the black bear (Ursus americanis), it has not been 
reported in polar bears (Fagre et al. 2015), so vaccination of 
captive polar bears against this virus is not warranted (see 
Chapter 17). 


Bacterial Diseases 


Leptospirosis in polar bears is nonspecific, with signs of 
weakness, diarrhea, icterus, and possibly muscle fascicula- 
tions (Nall 1975). Diagnosis is made on serological evidence 
and clinical signs. It is also possible to culture the organ- 
ism from urine. In one case, a young bear was success- 
fully treated with chloramphenicol. Leptospirosis is carried 
by rodents, so it is important to keep rodent numbers to a 
minimum in and around bear enclosures, although in most 
institutions, it is impossible to keep rodents out of bear enclo- 
sures. A vaccination program should be implemented to help 
decrease the chance of contracting the disease in areas where 
there is a high prevalence of both the disease and the vec- 
tor. Pleuritis and peritonitis caused by Pasteurella multocida, 
and tracheitis associated with Bordatella bronchiseptica, have 
been reported (Lacasse and Gamble 2006). Omphalophlebitis 
and necrotic enteritides with mixed bacteria were observed 
in polar bear cubs that died in zoological parks (Griner 1983). 

A variety of bacteria have been cultured from polar bear 
feces (reviewed in Fagre et al. 2016), notably Clostridium per- 
Jringens, Helicobacter, and beta-lactam resistant E. coli, yet 
their clinical significance is unclear. Mycobacterium tubercu- 
losis has been reported in captive bears in Japan, also with 
unknown clinical significance (Une and Mori 2007), and sero- 
surveys of clinically healthy wild bears have shown exposure 
to Brucella (see Chapter 18). 


Mycoses 


Blastomycosis in the polar bear has been described as a dif- 
fuse pulmonary disease with a pleural effusion. Diagnosis 
was made with cytology and positive cultures. The animal 
was successfully treated with itraconazole, 45 mg/kg/d 
divided into two oral doses for 90 days (Morris et al. 1989). 
In general, the signs of blastomycosis are increasing lethargy 
and anorexia with weight loss. Abnormalities in blood work 
are inconsistent, and quality thoracic radiographs are diffi- 
cult. Diagnosis is made by culture, cytology, and the use of 
an AGID serological test (see Chapter 19). There is a report 
of candidiasis in the oral cavity and stomach of a cub being 


treated with erythromycin. The causative agent was Candida 
albicans and could be treated with a number of agents, 
including nystatin, amphotericin B, flucytosine, or one of the 
imidazoles (Finn 1969; see Chapter 19). 


Parasites 


The two ascarids of polar bears are Baylisascaris trans- 
fuga and B. multipapillata (Wallach and Boever 1983). Once 
established, it is very difficult to completely rid an enclosure 
of these organisms, because the ova may be viable in the 
environment for up to 2 years. Clinical signs in polar bears 
infected with Baylisascaris spp. are variable, depending upon 
the intensity of infection, but can include loose stool to diar- 
rhea, rough hair coat, and in extreme cases, severe weight 
loss and intestinal obstruction, leading to death. Diagnosis 
may be made by fecal float or by direct observation. 
Trichinella spiralis is common in polar bears (see 
Chapter 21; McColl 1982, Wallach and Boever 1983; Pozio, 
Mortelmans, and Demeurichy 1990; Sleeman et al. 1994; 
YepezMulia et al. 1996). It is generally considered an inci- 
dental finding and does not cause overt disease in the bears. 
When signs do occur, they generally are muscular pain and 
eosinophilia. At times, there can be central nervous system 
involvement. Cestodes have been reported but do not seem 
to cause disease symptoms. Although external parasites are 
ubiquitous, they seldom pose a real problem for polar bears, 
other than causing a dermatitis, which is described below. 


Skin Disease 


Captive polar bears have a variety of skin diseases. Most of 
these are described as dermatitis, with or without alopecia. 
There are a number of etiologies, some of which are dis- 
cussed below. Polar bears are affected by a variety of spe- 
cies of mites, including Audycoptes, Sarcoptes, and Demodex 
(Fowler, Levoiperre, and Schultz 1979). Dermatitis is gener- 
ally more severe in winter and is very pruritic. Diagnosis can 
be accomplished by a deep skin scraping at the edge of the 
lesion and subsequent microscopic evaluation of the scraping. 
There are multiple therapies available, and many of the prod- 
ucts used for horses, dogs, and cats are effective on bears. 
Treatment generally includes immobilizing the bear and 
treating it topically with one of the commercially available 
products. Dermatophilus congolensis has been diagnosed as 
a cause of severe, pruritic dermatitis (Smith and Cordes 1972; 
Newman et al. 1975). It can be a severe disease and gen- 
erally starts on the dorsum and spreads laterally. The coat 
becomes yellowed and oily in appearance. This skin disease 
is diagnosed by clinical signs, microscopic examination of the 
lesions, and biopsy. Treatment is a combination therapy of 
cleaning the animal with a disinfectant soap and placing it on 
appropriate antibiotics. Hypovitaminosis A has been shown to 
cause alopecia and general poor coat condition (see Nutrition 
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above). Inhalant allergic dermatitis (atopy) has been reported 
in the polar bear (Harper et al. 1988) and was successfully 
treated with steroids and by hyposensitization. The com- 
mon occurrence of green bears in captivity is due to an 
algal growth within the hollow hair shafts of the guard hairs 
(Lewin and Robinson 1979). An ulcerative dermatitis linked 
to thyroid disease resolved after treatment with |-thyroxine 
(Hoff 1980). 


Dental Disease 


Although diagnosis and treatment of dental disease is fairly 
straight forward, it is important to understand that most of 
the endodontic procedures performed on small carnivores 
(see Chapter 22) can be done on these massive creatures. 
Apicoectomy and endodontic repair have been reported 
GVensen, Dorn, and Morris 1986), as well as root canals and 
extraction of canines (Forier, Miller, and Suigert 1975; Dufor 
et al. 1995). 


Trauma 


There are several reports of polar bears sustaining severe frac- 
tures from cage mates or even their mothers (Van Foreest et 
al. 1987; Kohm 1991; Cook et al. 1994), These incidences can 
be treated as other traumatic cases, but the size and strength 
of the animal must be considered when choosing treatment. 


Toxins 


The levels and effects of environmental contaminants in wild 
polar bears can have population-level consequences (Lentfer 
and Galster 1987; Pavlova et al. 2016) and are reviewed in 
Chapter 15. Limited cases of poisoning by other toxins exist, 
although ethylene-glycol (antifreeze) poisoning has been doc- 
umented in free-ranging bears (Amstrup et al. 1989). There 
are dramatic metabolic changes in polar bears exposed to 
crude oil or petroleum distillates on their fur (as would occur 
in maritime spills) due to loss of thermoregulation (Hurst, 
Watts, and Oritsland 1991). 
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APPENDIX 1: NORMAL HEMATOLOGY 
AND SERUM CHEMISTRY RANGES 


Table A1.1.1.1 Bottlenose Dolphin Blood Parameters 


Parameter Bottlenose Dolphin (Tursiops truncatus) 
Captive with Open 
Desa sui Wild Atlantic Wild Atlantic 

Captive Female Male Adult Juvenile 

Source (n = 38, sample = 1150) (n = 52, sample = 1113) (n = 26-62) (n = 96) 
Goldstein et al. 
Reference SeaWorld? Venn-Watson et al. 2007° 2006¢ Hall et al. 2007° 
RBC (10°/mms) 3.00-3.74 N.D. N.D. 2.8-4.8 3.12-—4.00 
Hb (g/dL) 13.5-15.5 N.D. N.D. 11.3-18.2 12.97-15.98 
HCT (%) 38-44 41.9 42 35-46 37.13-47.27 
MCV (fL) 115-135 N.D. N.D. 96-126 107-129 
MCH (pg) 38-48 N.D. N.D. 33-45 37-44 
MCHC (g/dL) 34-36 N.D. N.D. 32-38 32-36 
Platelets (10%/mm°) 80-150 112.4 115.8 73-281 117-244 
nRBC 1-4 N.D. N.D. 0-1 N.D. 
Leukocytes/pL 5000-9000 8462 7886 5800-—19,500 5700-15,500 
Neutrophil (band) 0 N.D. N.D. 0-0.2 N.D. 
Neutrophil (mature) 3230-4850 5220 5420 1800-12,700 2090-6980 
Lymphocyte 840-1660 1718 1227 200-6200 530-4790 
Monocyte 140-350 256 267 0.0—-1.6 0 
Eosinophil 530-1020 1258 959 1300-7100 300-5700 
Basophil 0 0 0 0.0-0.3 0 
Total protein (g/dL) 6.0-7.8 6.81 6.9 6.6—9.7 6.20-8.14 
Albumin (g/dL) 4.3-5.3 4.22 4.27 N.D. 3.8-4.8 
Globulin (g/dL) 1.3-2.5 2.61 2.65 3.1-5.5 2.1-3.5 
Glucose (mg/dL) 90-170 106.6 114.2 66-122 56-172 
BUN (mg/dL) 42-58 46.1 46.7 46-87 42-77 
Creatinine (mg/dL) 1.0-2.0 1.34 1.50 0.6-1.8 0.68-1.49 
Bilirubin (mg/dL) 0.1-0.2 N.D. N.D. 0.0-0.2 N.D. 
Cholesterol (mg/dL) 150-260 219.4 219.5 88-183 126-236 
(Continued) 
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Table A1.1.1.1 (Continued) Bottlenose Dolphin Blood Parameters 


Parameter Bottlenose Dolphin (Tursiops truncatus) 
Captive with Open 
Oppanowin Wild Atlantic Wild Atlantic 

Captive Female Male Adult Juvenile 

Source (n = 38, sample = 1150) (n = 52, sample = 1113) (n = 26-62) (n = 96) 
Goldstein et al. 

Reference SeaWorld? Venn-Watson et al. 2007° 2006¢ Hall et al. 2007° 
Alk Phos (U/L) 300-1300 445.3 463.8 43-899 N.D. 
ALT (U/L) 28-60 33 33.5 19-122 N.D. 
AST (U/L) 190-300 245.9 242 142-733 164-333 
GGT (U/L) 30-50 34.5 31.2 17-39 10-30 
CK (U/L) 100-250 132.8 130.3 82-291 47-455 
LDH (U/L) 350-500 389.4 380.1 378-706 391-584 
Calcium (mg/dL) 8.5-10.0 9.07 9.09 8.3-10.5 9.3-9.4 
Phosphorus (mg/dL) 4.0-6.0 5.1 5.11 3.6-7.1 3.5-6.6 
Sodium (mEq/L) 153-158 155.4 155.3 151-164 149-157 
Potassium (mEq/L) 3.2-4.2 3.69 3.78 3.4-4.8 3.2-4.4 
Chloride (mEq/L) 113-125 120 120 106-119 110-119 
Iron (g/dL) 120-340 212.4 195.7 32-206 N.D. 
Fibrinogen (mg/dL) 170-280 N.D. N.D. 50-400 N.D. 


Abbreviation: N.D., not done. 

a 25-75% quartiles around median. 
> Least squares means. 

¢ Range 
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Table A1.1.1.2 Computed Reference Thresholds (2.5th and 97.5th Percentiles) and Associated 90% Cls of Clinicopathologic Variables 
for Free-Ranging Adult Bottlenose Dolphins That Were Evaluated during Capture—Release Projects Conducted at Four Southeastern US 
Coast Locations in 2000 through 2006 


Bottlenose Dolphin (Tursiops truncatus) 


Lower Threshold 90% Cl forLower Upper Threshold 90% Cl for Upper 


Variable No. of Dolphins Value Threshold Value Value Threshold Value 
Leukocytes (x10° cells iL) 101 71 4.8-7.7 175 15.6—-18.7 
Neutrophil (x10° cells pL) 100 2.5 2.3-2.8 9.9 6.9-10.7 
Lymphocyte (x10 cells pL) 100 0.6 0.3-0.7 4.2 3.4-4.5 
Monocyte (x10 cells pL) 100 0 NA 1 0.8-1 
Eosinophil (x10° cells pL) 100 1.8 1.4-2.2 8.1 7.1-8.2 
Basophil (x108 cells pL) 100 0 NA 0.4 0.3-0.6 
Platelets (108/mm°) 98 104 86-109 253 240-277 
Glucose (mg/dL) 101 60 20-71 121 112-124 
Cholesterol (mg/dL) 71 88 88-114 236 224-237 
Triglyceride (mg/dL) 76 35 35-41 134 122-162 
Sodium (mEq/L) 101 152 151-153 160 159-161 
Potassium (mEq/L) 101 3.2 3-3.3 4.5 4.4-4.7 
Chloride (mEq/L) 101 107 106-109 124 119-129 
Calcium (mg/dL) 101 8.5 8.5-8.7 10.1 10.0—10.6 
Phosphate (mg/dL) 101 3.3 2.5-3.6 6.8 6.3-7.0 
Magnesium (mEq/L) 101 1.2 1.2-1.3 1.7 1.7-1.8 
ALP (U/L) 101 55 51-59 342 274-454 
ALT (U/L) 71 15 14-19 66 59-82 
AST (U/L) 101 160 118-169 586 369-733 
SDH (U/L) 66 4 1-5 45 31-62 
LDH (U/I) 101 329 325-351 530 512-596 
GGT (U/L) 101 15 11-16 33 30-38 
Total bilirubin (mg/dL) 101 0 NA 0.2 0.2-0.3 
Direct bilirubin (mg/dL) 101 0 NA 0.1 0.1-0.1 
Indirect bilirubin (mg/dL) 101 0 NA 0.2 0.1-0.3 
Total protein (g/dL) 101 6.7 6.5-6.8 8.8 8.6-8.9 
Albumin (g/dL) 101 3.8 3.8-3.9 51 4.9-5.4 
Globulin (g/dL) 101 a4 21-9 45 4.4-5 
Uric acid (mg/dL) 71 0.1 0.1-0.1 1.4 0.9-2.3 
CK (U/L) 101 91 65-94 213 190-325 


Source: Reprinted from Schwacke et al. AJVR 70: 973-985, 2009. 
Note: Only variables for which partitioning by sex was not required are shown. 
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Table A1.1.2 Beluga Blood Parameters 


Parameter Beluga (Delphinapterus leucas) 
Captive 

Captive Male Female Free-ranging 
Source (n = 13, sample = 216) (n = 11) (n = 20) (n = 151) 
Reference SeaWorld? Norman et al. 2013° St. Aubin et al. 2001° 
RBC (10°/mms) 3.0-3.4 2.5-3.8 2.29-4.07 3.45-3.67 
Hb (g/dL) 19.0-22.0 9.3-24.7 12.9-23.1 21.3-22.0 
HCT (%) 50-60 28-68 36.3-63.8 58-60 
MCV (fL) 163-185 134-189 141-188 159-164 
MCH (pg) 59-66 34-74 49.2-76.0 58-61 
MCHC (g/dL) 36-38 33-42 33.8—43.0 36-37 
Platelets (10°/mm‘*) 60-130 N.D. N.D. N.D. 
Reticulocytes (%) 0.3-0.8 0-3 0-4 N.D. 
nRBC 0-1 0-4 0-7 N.D. 
ESR (at 60 min) 0-9 N.D. N.D. N.D. 
Leukocytes/uL 5000-9500 1290-13,700 2470-14,600 9100-10,700 
Neutrophil (band) 0 0-590 0-588 5-13 
Neutrophil (mature) 2580-5520 312-10,412 275-10,414 3700-4400 
Lymphocyte 1100-4150 297-5461 119-9636 3700-5000 
Monocyte 220-780 0-1955 0-1985 370-500 
Eosinophil 90-640 N.D. N.D. 2200-3000 
Basophil 0 N.D. N.D. 0 
Total protein (g/dL) 5.7-73 N.D. N.D. 79-8.2 
Albumin (g/dL) 4.1-4.7 N.D. N.D. 4.1-4.2 
Globulin (g/dL) 1.6-2.8 0.9-3.4 1.0-5.2 3.7-4.0 
Glucose (mg/dL) 84-124 71-169 40-201 108-114 
BUN (mg/dL) 47-59 29-112 6.1-96.0 52-55 
Creatinine (mg/dL) 1.2-1.6 N.D. N.D. 0.3-3.0 
Bilirubin (mg/dL) 0.1-N.D. 0.0-0.8 0.0-0.9 0.2-0.4 
Cholesterol (mg/dL) 170-260 91-344 65-407 174-194 
Alk Phos (U/L) 100-220 27-328 N.D. 166-211 
ALT (U/L) 3-+10 1-24 N.D. 7-15 
AST (U/L) 45-80 29-148 N.D. 70-83 
GGT (U/L) 16-36 0-52 N.D. 15-18 
CK (U/L) 80-180 31-383 31-396 149-175 
LDH (U/L) 100-220 80-552 18-596 218-574 
Calcium (mg/dL) 9.1-10.6 N.D. N.D. 10.4-10.8 
Phosphorus (mg/dL) 4.5-5.8 3.0-8.3 2.0-9.7 7.9-8.3 
Sodium (mEq/L) 153-159 145-170 144-175 162-165 
Potassium (mEq/L) 3.5-4.1 N.D. N.D. 4.5-4.8 
Chloride (mEq/L) 111-120 N.D. N.D. 113-114 
Iron (ug/dL) 195-380 0-716 0-703 438-551 
Fibrinogen (mg/dL) 70-130 N.D. N.D. N.D. 


Abbreviation: N.D., not done. 
a 25-75% quartiles around median. 
> 95% confidence interval. 


Table A1.1.3. Small Cetacean Blood Parameters 
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Pantropical Spotted 


Commerson’s Dolphin 


Common Dolphin Dolphins (Stenella (Cephalorhynchus Harbor Porpoise 
Parameter (Delphinus delphis) attenuata) commersoni) (Phocoena phocoena) 
Stranded Survived Wild Eastern Tropical Captive Wild Bay of Fundy, 
Cape Cod, USA Pacific Canada 
Adult Male 
Source (n = 11-14) (n = 51) (n = 10, sample = 196) (n = 14-30) 
Koopman et al. 1995, 

Reference Sharp et al. 2014 St. Aubin et al. 20132 SeaWorld? 1999° 
RBC (10°/mm3) 5.01-6.42 4.0-5.6 4.3-5.5 5.95 (0.41) 
Hb (g/dL) 16.7-19.6 15.3-18.7 15.0-19.0 18.60 (0.89) 
HCT (%) 23.80-55.13 42.1-51.9 43-53 52.2 (2.6) 
MCV (fL) N.D. 85.5-110.5 94-104 94.5 (1.6) 
MCH (pg) N.D. 30.3-41.3 33-37 33.2 (0.8) 
MCHC (g/dL) N.D. 34.5-37.4 34-36 35.27 (1.03) 
Platelets (10°/mm°) N.D. 17-263 120-250 181.3 (56.0) 
Leukocytes/pL N.D. 6000-18,600 4000-8000 2400 (700) 
Neutrophil (band) N.D. 0-97 0 N.D. 
Neutrophil (mature) N.D. 2448-8265 1150-3250 2270 (810) 
Lymphocyte N.D. 213-7440 1260-2420 1580 (720) 
Monocyte 0-540 0-836 150-270 220 (10) 
Eosinophil N.D. 424-5580 890-2200 1140 (480) 
Basophil N.D. 0-506 0 0 
Total protein (g/dL) N.D. 6.0-9.0 5.6-7.0 7.41 (0.82) 
Albumin (g/dL) 3.1-4.3 3.0—4.0 3.4—4.0 3.94 (0.38) 
Globulin (g/dL) N.D. 2.7-5.3 2.0-3.3 3.47 (0.90) 
Glucose (mg/dL) N.D. 92-215 80-130 195 (19) 
BUN (mg/dL) 28-55 44-91 33-43 56.4 (12.0) 
Creatinine (mg/dL) N.D. 0.4-1.5 0.5-0.9 0.89 (0.19) 
Bilirubin (mg/dL) N.D. 0.1-0.4 0.1-0.2 1.50 (1.01) 
Cholesterol (mg/dL) N.D. 129-338 130-200 N.D. 
Alk Phos (U/L) N.D. 75-935 90-290 550.4 (294.0) 
ALT (U/L) N.D. 61-258 40-140 80 (40) 
AST (U/L) N.D. 182-520 160-300 293.8 (63.4) 
GGT (U/L) N.D. 22-39 28-50 29.1 (13.2) 
CK (U/L) N.D. 22-39 130-300 637 (247) 
LDH (U/L) N.D. 450-1308 300-500 N.D. 
Calcium (mg/dL) N.D. 7.7-10.0 8.0-9.5 9.66 (0.64) 
Phosphorus (mg/dL) N.D. 3.1-9.0 3.5-6.0 1.76 (0.60) 
Sodium (mEq/L) N.D. 150-171 154-159 156.6 (77) 
Potassium (mEq/L) N.D. 2.8-6.7 3.5-4.6 4.64 (1.30) 
Chloride (mEq/L) 102-112 113-128 118-123 114.3 (3.8) 
Iron (g/dL) N.D. 48-227 120-230 N.D. 
Fibrinogen (mg/dL) N.D. 205-936 150-250 N.D. 


Abbreviation: N.D., not done. 


a Range. 


5 25-75% quartiles around median. 


© Mean (SD). 


Table A1.1.4 Large Cetacean Blood Parameters 
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Pilot Whale 

(Globicephala Killer Whale False Killer Whale Gray Whale 

Parameter macrorhynchus) (Orcinus orca) (Pseudorca crassidens) | (Eschrichtius robustus) 
Captive Captive Nonpregnant Captive Stranded 
Female 

Source (n = 2, sample = 74) (n = 7, sample = 100) (n = 5, sample = 81) (n = 1) 
Reference SeaWorld? Robeck & Nollens 2013° SeaWorld? SeaWorld? 
RBC (10°/mms) 3.3-3.7 N.D. 3.4-4.6 3.0—4.0 
Hb (g/dL) 15.1-16.0 N.D. 13.7-17.6 13.0-16.0 
HCT (%) 43-45 N.D. 39-51 39-47 
MCV (fL) 123-129 N.D. 112-119 129-142 
MCH (pg) 43-46 N.D. 40-42 43-48 
MCHC (g/dL) 34-36 N.D. 34-36 33-34 
Platelets (10°/mm°) 70-90 N.D. 78-150 60-304 
Reticulocytes (%) 0.7-1.2 N.D. 0.5—-0.8 0-2 
nRBC 0 N.D. 0-1 0 
Leukocytes/pL 4720-6500 N.D. 5000-9000 2700-10710 
Neutrophil (band) 0 N.D. 0 0-30 
Neutrophil (mature) 2930-4360 N.D. 2280-5040 1670-9250 
Lymphocyte 660-2080 N.D. 990-2490 300-1120 
Monocyte 190-460 N.D. 120-400 40-910 
Eosinophil 240-870 N.D. 410-1540 0-30 
Basophil 0 N.D. 0 0 
Total protein (g/dL) 5.3-6.0 N.D. 5.6-6.6 4.0-7.0 
Albumin (g/dL) 2.9-3.3 N.D. 3.5-3.9 3.0—-4.0 
Globulin (g/dL) 2.2-3.0 N.D. 2.2-2.8 1.0-3.0 
Glucose (mg/dL) 98-106 113.0 (0.9) 94-134 47-147 
BUN (mg/dL) 46-55 44.0 (0.7) 32-43 21-75 
Creatinine (mg/dL) 2.0-2.4 1.70 (0.04) 1.0-2.1 1.0-2.0 
Bilirubin (mg/dL) 0.1 0.100 (0.004) 0.1 0.0-0.2 
Cholesterol (mg/dL) 187-288 2170 (6.3) 170-400 136-1470 
Alk Phos (U/L) 143-243 238.0 (13.5) 380-700 1263-3017 
ALT (U/L) 26-69 14.7 (0.6) 6-16 3-12 
AST (U/L) 170-317 39.6 (0.9) 130-230 41-113 
GGT (U/L) 39-41 11.4 (0.5) 25-46 2-52 
CK (U/L) 55-80 98.3 (10.4) 59-143 107-255 
LDH (U/L) 425-505 324.0 (7.3) 260-370 120-584 
Calcium (mg/dL) 7.8-8.4 8.40 (0.04) 76-8.8 8.0-11.0 
Phosphorus (mg/dL) 4.3-4.8 5.40 (0.07) 4.4-6.4 3.7-9.0 
Sodium (mEq/L) 153-154 155.0 (0.2) 152-157 146-154 
Potassium (mEq/L) 3.7-4.2 4.00 (0.02) 3.7-4.4 4.0-5.0 
Chloride (mEq/L) 118-119 121.0 (0.3) 120-124 106-115 
Iron (g/dL) 108-179 66.3 (2.2) 100-200 54-328 
Fibrinogen (mg/dL) 280-445 2270 (5.3) 230-320 277-517 


Abbreviation: N.D. = not done. 


a Range. 
> Mean (SEM). 
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Table A1.2.1_ Harbor Seal Blood Parameters 
Parameter Harbor Seal (Phoca vitulina) 
Captive Rehabilitated Rehabilitated Wild Atlantic 

Pacific Adult Pacific Pup Atlantic Wild Pacific Pup Pup, Summer 
Source (n = 8) (n = 43-45) (n = 127) (n = 34-40) (n = 152) (n = 15) 

Trumble et al. Greig et al. Hasselmeier Greig et al. Trumble and Hasselmeier 
Reference 20062 2010° et al. 2008°¢ 201054 Castellini 2002¢° et al. 2008°¢ 
RBC (10°/mms) N.D. 4.23-4.80 3.3-5.7 4.70-4.82 N.D. 4.0-5.6 
Hb (g/dL) 21.20 (0.24) 15.9-17.2 13.5-21.0 17.3-17.9 N.D. 17.5-22.0 
HCT (%) 51.8 (0.7) 45.5-48.1 36-59 49.4-52.8 N.D. 45-62 
MCV (fL) 105.5 (2.1) 90-95 82-112 99-100 N.D. 110-119 
MCH (pg) N.D. 33.0-33.9 28.4-39.8 33.6-34.2 N.D. 37.4-45.2 
MCHC (g/dL) 40.0 (0.4) 32.9-33.6 28-39 32.8-33.3 N.D. 32.0-38.7 
Platelets (10%/mm°) 355.3 (8.2) 268-463 316-743 153-301 N.D. 175-478 
Leukocytes/pL 8800 (2100) 4900-7300 6100-12,300 4300-4800 N.D. 6500—13,000 
Neutrophil (band) N.D. 0 N.D. 0 N.D. N.D. 
Neutrophil (mature) 6000 3080-3735 4700-8900 1968-2464 N.D. 3300-6800 
Lymphocyte N.D. 972-1617 700-4200 1088-1364 N.D. 1300-3000 
Monocyte N.D. 0-0 100-500 0-0 N.D. 100-200 
Eosinophil N.D. 0-0 0-600 0-0 N.D. 650-1300 
Total protein (g/dL) N.D. 6.0-6.8 N.D. 5.2-7.7 5.0-8.2 N.D. 
Albumin (g/dL) 3.36 (2.80) 3.0-3.2 N.D. 2.3-3.6 2.57-4.21 N.D. 
Globulin (g/dL) 4.6 (0.4) 2.7-3.2 N.D. 2.0-5.4 2.2-4.2 N.D. 
Glucose (mg/dL) 188.4 (36.9) 117-128 N.D. 99-217 114-217 N.D. 
BUN (mg/dL) 30.7 (1.1) 25-35 N.D. 25-62 15.7-54.1 N.D. 
Creatinine (mg/dL) 0.98 (0.20) 0.3-0.4 N.D. 0.3-1.0 0.44—1.00 N.D. 
Bilirubin (mg/dL) 0.67 (0.20) 0.2-0.3 N.D. 0.2-1.0 0-2.15 N.D. 
Cholesterol (mg/dL) 273.7 (37.4) 243-257 N.D. 146-361 166-507 N.D. 
Alk Phos (U/L) 55.2 (17.3) 43-83 N.D. 37-540 2.6-716.0 N.D. 
ALT (U/L) 36.8 (15.2) 22-41 N.D. 19-58 1.2-48.0 N.D. 
AST (U/L) 70.2 (15.4) 30-45 N.D. 27-92 15.4-135.0 N.D. 
GGT (U/L) 17.6 (7.8) 7-15 N.D. 5-81 0.0-45.5 N.D. 
CK (U/L) 446.1 (660.0) 72-103 N.D. 127-1403 0-2290 N.D. 
Calcium (mg/dL) 9.0 (0.4) 8.8-9.1 N.D. 8.8-10.6 71-12.7 N.D. 
Phosphorus (mg/dL) 5.2 (1.1) 4.8-5.4 N.D. 3.7-6.5 3.6-9.8 N.D. 
Sodium (mEq/L) 156.9 (6.1) 144-146 N.D. 143-157 126-162 N.D. 
Potassium (mEq/L) 3.7 (0.3) 4.0-4.3 N.D. 3.7-6.5 3.2-4.4 N.D. 
Chloride (mEq/L) 111.3 (1.4) 99-103 N.D. 105-117 88.9-118.0 N.D. 
Iron (j1g/dL) N.D. 65-111 N.D. 68-646 N.D. N.D. 


Abbreviation: N.D., not done. 
a Mean (SE), fed mixed diet. 
> 90% confidence interval on lower threshold. 


5—95% percentile. 


Cc 
4 Lower and upper thresholds. 
e Range as mean +2 SD. 


Table A1.2.2 Northern Elephant Seal Blood Parameters 
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Parameter Northern Elephant Seal (Mirounga angustirostris) 

Rehabilitated Wild 

Weaned Pup Adult Male Nonbreeding Juvenile Pup 
Source (n = 100) (n = 28-37) (n = 38-39) (n = 20-23) 
Reference TMMC? Yochem et al. 20062 
RBC (10°/mm3) 1.6-2.9 2.0-3.1 2.1-3.2 2.5-3.5 
Hb (g/dL) 17.6-23.9 18.8-27.0 19.2-28.5 17.2-26.0 
HCT (%) 36.0-64.0 50-69 49-69 45-66 
MCV (fL) 170-197 193-236 190-238 179-229 
MCH (pg) 70-96 72-100 73-95 68-90 
MCHC (g/dL) 40-51 37-42 38-43 38-40 
Platelets (103/mm$° ) 171-561 60-330 70-360 80-230 
Leukocytes/uL 11,200-29,600 5100-17,800 8000-19,000 7000-20,700 
Neutrophil (band) 0-527 0-712 0-1810 0-1035 
Neutrophil (mature) 7176—20,714 2856-11 ,926 3280-—15,390 4141-11,592 
Lymphocyte 2385-7630 676-4123 729-4158 1260-5983 
Monocyte 400-3400 270-2525 414-2540 228-3312 
Eosinophil 100-795 103-2457 108-1760 207-2123 
Basophil 0-160 0-388 0 0-114 
Total protein (g/dL) 6.2-8.0 N.D. N.D. N.D. 
Albumin (g/dL) 3.1-3.9 2.1-3.8 2.7-4.0 2.4-3.8 
Globulin (g/dL) 3.1-6.1 2.6-4.5 2.7-5.2 2.4-5.0 
Glucose (mg/dL) 113-151 60-144 52-146 70-219 
BUN (mg/dL) 18-46 10-57 9-35 9-30 
Creatinine (mg/dL) 0.1-1.5 0.7-2.9 0.5-2.2 0.6-1.9 
Bilirubin (mg/dL) 0.1-0.6 0.2-2.0 0.1-0.9 0.2-0.7 
Cholesterol (mg/dL) 100-347 99-399 157-366 121-349 
Alk Phos (U/L) 100-168 60-478 72-1483 115-341 
ALT (U/L) 25-57 6-32 7-46 6-35 
AST (U/L) 39-117 16-62 19-118 26-117 
GGT (U/L) 36-64 4-38 5-44 6-58 
CK (U/L) 242-438 180-1473 248-3867 215-1693 
LDH (U/L) 223-542 157-463 185-873 219-654 
Calcium (mg/dL) 10.2-12.8 78-11.6 9.0-13.9 10.2-12.6 
Phosphorus (mg/dL) 6.6-9.9 2.1-8.8 4.1-8.6 2.4-8.0 
Sodium (mEq/L) 143-149 131-151 142-154 140-151 
Potassium (mEq/L) 4.7-6.1 3.0-5.1 4.0-5.9 3.4—4.7 
Chloride (mEq/L) 98-107 87-106 98-111 95-104 
Iron (ug/dL) 34-249 60-292 75-360 96-505 
Fibrinogen (mg/dL) 50-162 N.D. N.D. N.D. 
Prothrombin time (PTT) (s) 10.3 -13.7 N.D. N.D. N.D. 
Activated PTT (s) 17.6-28.0 N.D. N.D. N.D. 
Activated clotting time (s) 55-70 N.D. N.D. N.D. 


Abbreviation: N.D., not done. 


a Range. 
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Table A1.2.3 Mixed Phocid Blood Parameters 


Hooded Seal 

Parameter Gray Seal (Halichoerus grypus) (Cystophora cristata) 
Wild UK Rehabilitated UK Wild Quebec Pup 
Preweaned Pup Pup 

Source (n = 54) (n = 11-49) (n = 5-9) 
Reference Hall 19982 Barnett et al. 20072 Boily et al. 20062 
RBC (10°/mms) N.D. 4.2 (0.9) 4.20 (0.32) 
Hb (g/dL) N.D. 15.7 (2.9) 22.8 (22.0) 
HCT (%) 470 (7.4) 45 (7) 57 (5) 
MCV (fL) N.D. N.D. 125 (4) 
MCH (pg) N.D. N.D. 54 (3) 
MCHC (g/dL) N.D. N.D. 429 (22) 
Platelets (10%/mm°) N.D. N.D. N.D. 
Leukocytes/yuL 8700 (4300) 18,000 (10800) 5800 (2000) 
Neutrophil (band) 0 N.D. N.D. 
Neutrophil (mature) 5990 (3110) 14,600 (9900) 3400 (1200) 
Lymphocyte 2710 (1370) 2400 (1000) 1600 (800) 
Monocyte 390 (40) 1200 (1100) 600 (30) 
Eosinophil 220 (240) 200 (400) 300 (20) 
Basophil 0 0 0 
Total protein (g/dL) 5.64 (12.40) 55.7 (4.1) 6.78 (0.60) 
Albumin (g/dL) 3.27 (6.60) 2.98 (0.78) 4.6 (0.3) 
Globulin (g/dL) 2.46 (9.40) 2.6 (0.8) 2.1 (0.6) 
Glucose (mg/dL) N.D. N.D. 103 (32) 
BUN (mg/dL) N.D. 45.3 (20.0) 67 (18) 
Creatinine (mg/dL) N.D. 0.58 (0.21) 0.9 (0.4) 
Bilirubin (mg/dL) N.D. N.D. 1.9 (1.2) 
Cholesterol (mg/dL) N.D. N.D. N.D. 
Alk Phos (U/L) 373 (287) 291 (161) N.D. 
ALT (U/L) 26.0 (17.2) 67 (74) 168 (296) 
AST (U/L) N.D. 180 (154) 132 (164) 
GGT (U/L) N.D. 67 (123) 15 (6) 
CK (U/L) N.D. 1644 (2133) 1020 (880) 
LDH (U/L) N.D. N.D. N.D. 
Calcium (mg/dL) N.D. N.D. 11.90 (0.92) 
Phosphorus (mg/dL) N.D. N.D. 1.57 (1.2) 
Sodium (mEq/L) N.D. N.D. 151.8 (2.3) 
Potassium (mEq/L) N.D. N.D. 4.49 (0.52) 
Chloride (mEq/L) N.D. N.D. 98.6 (3.7) 
Iron (ug/dL) N.D. N.D. N.D. 
Fibrinogen (mg/dL) N.D. N.D. N.D. 


Abbreviation: N.D., not done. 
@ Mean (SD). 
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Table A1.2.4 Bearded Seal Blood Parameters 


Parameter Bearded Seal (Erignathus barbatus) 
Captive Alaska Wild Caught Captive Wild Wild 
Tromsg, Norway Chukchi —‘ Chukchi Sea, Wild Barents Sea 

Pups Adults Sea Bering Sea Pups Adults 
Source (n = 2, Sample = 4)? (n= 4, Sample = 25)’ = (n = 5-8)° (n = 5)2¢ (n = 67)>4 (n = 9)P° 
Reference Goertz et al. in prep Tryland et al. in prep Goertz et al. in prep Tryland et al. in prep 
RBC (10°/mm‘°) 3.6-5.0 N.D. N.D. N.D. N.D. N.D. 
Hb (g/dL) 23-28 N.D. 19-329 N.D. N.D. N.D. 
HCT (%) 57-65 N.D. 52-57 N.D. N.D. N.D. 
MCV (fL) 119-140 N.D. N.D. N.D. N.D. N.D. 
MCH (pg) 55-65 N.D. N.D. N.D. N.D. N.D. 
MCHC (g/dL) 45-47 N.D. 35-58 N.D. N.D. N.D. 
Platelets (103/mm® ) 243-402 N.D. N.D. N.D. N.D. N.D. 
Leukocytes/pL 9150-12,300 N.D. N.D. N.D. N.D. N.D. 
Neutrophil (band) 0.0-0.0 N.D. N.D. N.D. N.D. N.D. 
Neutrophil (mature) 5582-9401 N.D. N.D. N.D. N.D. N.D. 
Lymphocyte 1007-1845 N.D. N.D. N.D. N.D. N.D. 
Monocyte 369-2507 N.D. N.D. N.D. N.D. N.D. 
Eosinophil 119-1107 N.D. N.D. N.D. N.D. N.D. 
Total protein (g/dL) 6.6-7.2 5.7-7.2 N.D. 5.7-73 5.3-6.5 6.1-79 
Albumin (g/dL) 3.0-3.3 N.D. N.D. 3.2-4.0 N.D. N.D. 
Globulin (g/dL) 3.5-4.1 See notation® N.D. 2.0-3.3 N.D. N.D. 
Glucose (mg/dL) 123-175 56-130! N.D. 104-164 60-191! 52-193! 
BUN (mg/dL) 12-25 N.D. N.D. N.D. N.D. N.D. 
Creatinine (mg/dL) 0.7-0.9 1.3-1.8 N.D. 0.5-0.7 1.04—2.04 1.8-2.4! 
Bilirubin (mg/dL) 0.1-0.7 0.06-0.21! N.D. 0.1-0.3 0.00-0.43 0.06-0.19 
Cholesterol (mg/dL) 180-341 151-267 N.D. 168-258 116-348 101-213 
Alk Phos (U/L) 105-378 27-196 N.D. N.D. 299-868 15-99 
ALT (U/L) 62-88 33-59 N.D. N.D. 1.0-16.4 1.4-25.8 
AST (U/L) 55-162 37-84 N.D. N.D. 53-148 39-173 
GGT (U/L) 5.0-7.0 N.D. N.D. N.D. N.D. N.D. 
CK (U/L) 225-820 97-286 N.D. N.D. 136-2346 56-3179 
Calcium (mg/dL) 8.7-9.7 8.4—10.0 N.D. 9.1-11.0 9.6-11.6 4.8-10.0 
Phosphorus (mg/dL) 5.1-8.0 4.6-7.1 N.D. 8.1-11.0 6.2-12.7 3.1-9.6 
Sodium (mEq/L) 152-157 151-157 N.D. 147-153 146-157 149-167 
Potassium (mEq/L) 3.8—4.0 3.7-4.9 N.D. 3.9-5.1 3.5-4.6 3.7-6.1 
Chloride (mEq/L) 107-111 110-116 N.D. 98-109 97-107 103-113 
Iron (ug/dL) N.D. N.D. N.D. 214-793 N.D. N.D. 
Magnesium (mg/dL) N.D. 2.2-2.9 N.D. 2.0-2.8 2.2-4.1 1.9-3.2 
Triglycrides (mg/dL) 34-85 N.D. N.D. N.D. N.D. N.D. 
Amylase (U/L) 0-35 0-2 N.D. N.D. 0-5 0.0-4.4 
Lipase (U/L) N.D. 124-297 N.D. N.D. 14-47 45-156 
Urea (mg/dL) N.D. 12-249 N.D. 20-38 18-45) 17-25) 
LDH (U/L) 857-3520 254-812 N.D. N.D. 329-1175 100-1055 
Total T4 N.D. 10-62 N.D. N.D. 23-118 10-32 


Abbreviation: N.D., not done. 


4 Total range. 
> 5-95% range. 


Chemistry values determined from archival (frozen) serum; enzymes excluded due to predicted degradation. 


c 
4d Measured using cyanmethemoglobin method. 
e 


Levels determined by electrophoresis: «1-globulins 3.3-8.5 g/L, «2-globulins 6.7-12.9 g/L, B-globulins 6.7—10.9 g/L, y-globulins 3.2-8.2 g/L. 
' Converted from SI units. 
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Table A1.2.5 Ribbon Seal Blood Parameters 


Parameter Ribbon Seal (Histriophoca fasciata) 

Rehabilitated Alaska 

Adult Female Wild Bering Sea Wild Bering Sea Adult 

Source (n = 1, sample = 2-3) (n = 45-80)>° (n = 5)4 
Reference Reichmuth et al. in prep Lenfant et al. 1970 
RBC (10°/mm3) 4.3-5.1 N.D. 4.49 (0.25) 
Hb (g/dL) 29-34 13-33° See notation‘ 
HCT (%) 68-74 45-76 66.6 (1.3) 
MCV (fL) 140-141 N.D. 149.8 (6.9) 
MCH (pg) 66-67 N.D. 55.1 (2.6) 
MCHC (g/dL) 47-48 22-48 See notation? 
Platelets (10%/mm ) 35-124 N.D. N.D. 
Leukocytes/pL 5700-8500 N.D. N.D. 
Neutrophil (band) 0.0-0.0 N.D. N.D. 
Neutrophil (mature) 4218-6035 N.D. N.D. 
Lymphocyte 513-1079 N.D. N.D. 
Monocyte 798-1328 N.D. N.D. 
Eosinophil 228-747 N.D N.D. 
Total protein (g/dL) 73-8.0 5.4-9.4 N.D. 
Albumin (g/dL) 3.0-4.4 3.3-5.0 N.D. 
Globulin (g/dL) 3.1-4.3 2.0-4.3 N.D. 
Glucose (mg/dL) 132-192 118-210 N.D. 
BUN (mg/dL) 41-55 N.D. N.D. 
Creatinine (mg/dL) 1.2-1.5 0.4-1.6 N.D. 
Bilirubin (mg/dL) 0.6—0.7 0.03-0.8 N.D. 
Cholesterol (mg/dL) 200-303 190-489 N.D. 
Alk Phos (U/L) 32-38 N.D. N.D. 
ALT (U/L) 17-37 N.D. N.D. 
AST (U/L) 36-59 N.D. N.D. 
GGT (U/L) 11-13 N.D. N.D. 
CK (U/L) 357-1320 N.D. N.D. 
Calcium (mg/dL) 9.5-10.0 9.3-13.0 N.D. 
Phosphorus (mg/dL) 4.7-6.6 6-12 N.D. 
Sodium (mEq/L) 156-157 147-166 N.D. 
Potassium (mEq/L) 4.2-4.8 3.5-4.9 N.D. 
Chloride (mEq/L) 112-114 95-110 N.D. 
Iron (ug/dL) N.D. 146-844 N.D. 
Magnesium (mg/dL) N.D. 1.9-2.7 N.D. 
Triglycrides (mg/dL) 21-56 N.D. N.D. 
Amylase (U/L) 22-35 N.D. N.D. 
Urea (mg/dL) N.D. 28-68 N.D. 
LDH (U/L) 815-1476 N.D. N.D. 


Abbreviation: N.D., not done. 

@ Total ranges; this individual was apparently healthy but fasting (stranded out of expected geographical range). 
> 5% to 95% ranges. 

° Chemistry values determined from archival (frozen) serum; enzymes excluded due to predicted degradation. 
4 Mean (standard error). 

© Measured using cyanmethemoglobin method. 

' Hb reported as 24.48 g% (0.36%). 

9 MCHC reported as 36.8% (0.3%). 
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Table A1.2.6 Ringed Seal Blood Parameters 


Parameter Ringed Seal (Pusa hispida) 
Rehabilitated 
Alaska Captive Captive Wild Beaufort Sea Wild Svalbard 
Pup, Yearling Pup, Subadult Juvenile Pup, Adult Pup Non-pup 

(n = 10, (n = 5, Sample = (n = 3) (n = 26)? (n=14)° (n= 15)° (n = 75) 
Source Sample = 8-19)? 29-38)> 
Reference Reichmuth et Geraci et al.1979 Engelhardt Geraci and Geraci et al. 1979 Tryland et al. 

al. in prep 1979 Smith 1975 2006 
RBC (10°/mms) 4.1-5.2 N.D. 5.0-5.9 4.2-6.3 N.D. N.D. N.D. 
Hb (g/dL) 15-26 N.D. 24-27 21-29 N.D. N.D. N.D. 
HCT (%) 50-53 N.D. 61-66 57-75 N.D. N.D. N.D. 
MCV (fL) 98-133 N.D. 110-122 101-153 N.D. N.D. N.D. 
MCH (pg) 38-52 N.D. 46-48 42-57 N.D. N.D. N.D. 
MCHC (g/dL) 39-44 N.D. 39-43 36-41 N.D. N.D. N.D. 
Platelets (10%/mm°) 36-467 N.D. N.D. N.D. N.D. N.D. N.D. 
Leukocytes/pL 7400-16,800 N.D. N.D. 4286-24,774 N.D. N.D. N.D. 
Neutrophil (band) 0-354 N.D. N.D. 0.4-17.2%4 N.D. N.D. N.D. 
Neutrophil (mature) 2966-8409 N.D. N.D. 8.0-65.2%! N.D. N.D. N.D. 
Lymphocyte 950-4233 N.D. 27-37%! 15.6-81.4%! N.D. N.D. N.D. 
Monocyte 366-2185 N.D. 1-3%4 0.6-7.2%! N.D. N.D. N.D. 
Eosinophil 0-4896 N.D. 0-1%4 0.6-21.8%4 N.D. N.D. N.D. 
Total protein (g/dL) 6.0-8.7 N.D. N.D. N.D. N.D. N.D. 6.2-8.5 
Albumin (g/dL) 2.6-4.0 N.D. N.D. N.D. N.D. N.D. 2.2-3.3 
Globulin (g/dL) 3.1-5.8 N.D. N.D. N.D. N.D. N.D. See notation® 
Glucose (mg/dL) 95-184 N.D. N.D. N.D. 124 (31) 151 (25) 12.6-117.0 
BUN (mg/dL) 19-43 29-57 N.D. N.D. N.D. N.D. N.D. 
Creatinine (mg/dL) 0.34-0.75 N.D. N.D. N.D. N.D. N.D. 0.84—-1.44 
Bilirubin (mg/dL) 0.1-1.8 N.D. N.D. N.D. N.D. N.D. N.D. 
Cholesterol (mg/dL) 212-414 N.D. N.D. N.D. 260 (47) 320 (51) 181-444 
Alk Phos (U/L) 75-841 N.D. N.D. N.D. N.D. N.D. 42-273 
ALT (U/L) 43-212 N.D. N.D. N.D. N.D. N.D. 19-433 
AST (U/L) 55-267 N.D. N.D. N.D. N.D. N.D. 58-916 
GGT (U/L) 6.0-139 N.D. N.D. N.D. N.D. N.D. N.D. 
CK (U/L) 67-1626 N.D. N.D. N.D. N.D. N.D. 304—42,406 
Calcium (mg/dL) 8.6-11 N.D. N.D. N.D. 9.4 (0.9) 8.7 (0.5) 8.8-11.6 
Phosphorus (mg/dL) 4.7-8.8 N.D. N.D. N.D. N.D. N.D. 5.6-16.7 
Sodium (mEq/L) 148-169 149-166 154-159 N.D. N.D. N.D. 142-170 
Potassium (mEq/L) 3.9-5.2 3.4-5.4 4.1-4.8 N.D. 5.2(12) 4.2 (0.5) 4.6-13.3 
Chloride (mEq/L) 104-130 84-112 N.D. N.D. N.D. N.D. 93-111 
Fibrinogen (mg/dL) 100-400 N.D. N.D. N.D. N.D. N.D. N.D. 
Urea (mg/dL) N.D. N.D. N.D. N.D. N.D. N.D. 21.8-72.0 
Uric acid (mg/dL) N.D. 0.5-2.6 N.D. N.D. 1.4(1.7) 2.3 (1.3) N.D. 
Triglycerides (mg/dL) 22-117 N.D. N.D. N.D. 235 90 (100) N.D. 
(178) 

Amylase (U/L) 0.0-49 N.D. N.D. N.D. N.D. N.D. 4-21 
LDH (U/L) 1516-3691 N.D. N.D. N.D. N.D. N.D. 1167-12,007 
Abbreviation: N.D., not done. 


a 5% to 95% range. 
> Total range. 


© Mean (standard deviation). 
4 Percentage of total leukocytes. 
© Levels determined by electrophoresis: «-globulins 8.7—18.8 g/L, B-globulins 13—33.3 g/L, y-globulins 5.1-16.7 g/L. 
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Table A1.2.7 Spotted Seal Blood Parameters 


Parameter Spotted Seal (Phoca largha) 

Rehabilitated Alaska Captive Alaska 

Pup, Yearling Juvenile Male Wild Bering Sea 

Source (n = 9, Sample = 2-18) (n = 2, Sample = 4-6) (n = 33-65)? 
Reference Reichmuth et al. in prep 
RBC (10°/mm*) 3.6—-5.3 4.6-5.4 N.D. 
Hb (g/dL) 13-23 17-24 13-24¢ 
HCT (%) 32-55 52-64 45-62 
MCV (fL) 79-113 101-121 N.D. 
MCH (pg) 30-51 37-45 N.D. 
MCHC (g/dL) 35-46 32-41 30-42 
Platelets (10°/mm® ) 111-869 261-572 N.D. 
Leukocytes/yL 4300-10,800 5100-8400 N.D. 
Neutrophil (band) 0-158 0-0 N.D. 
Neutrophil (mature) 1806-7560 1224-4884 N.D. 
Lymphocyte 972-3456 1616-3021 N.D. 
Monocyte 120-1349 318-1095 N.D. 
Eosinophil 0-472 0-848 N.D. 
Total protein (g/dL) 4.9-7.3 6.2-8.0 5.2-8.0 
Albumin (g/dL) 1.7-3.5 3.0-3.9 3.2-4.1 
Globulin (g/dL) 2.7-4.1 3.0-4.5 1.8-4.2 
Glucose (mg/dL) 101-173 111-197 114-243 
BUN (mg/dL) 23-56 29-71 N.D. 
Creatinine (mg/dL) 0.4—0.9 0.5-1.4 0.4-1.9 
Bilirubin (mg/dL) 0.1-3.0 0.1-0.4 0.0-1.2 
Cholesterol (mg/dL) 183-426 236-392 168-559 
Alk Phos (U/L) 113-628 777-181 N.D. 
ALT (U/L) 23-95 25-82 N.D. 
AST (U/L) 56-275 41-412 N.D. 
GGT (U/L) 14-37 1.0-30 N.D. 
CK (U/L) 86-991 61-2565 N.D. 
Calcium (mg/dL) 9-12 8.2-9.6 8.8-12.0 
Phosphorus (mg/dL) 5.1-9.6 4.3-78 5.7-11 
Sodium (mEq/L) 150-161 152-169 5.7-11 
Potassium (mEq/L) 3.9-5.9 5.1-5.7 3.8-5.4 
Chloride (mEq/L) 107-116 108-118 97-109 
Iron (ug/dL) N.D. N.D. 141-752 
Magnesium (mg/dL) N.D. 1.5-2.1 1.8-2.8 
Fibrinogen (mg/dL) 200-300 N.D. N.D. 
Triglycerides (mg/dL) 22-54 121-336 N.D. 
Amylase (U/L) 218-398 306-459 N.D. 
Lipase (U/L) N.D. 19-54 N.D. 
Urea (mg/dL) N.D. N.D. 25-65 
LDH (U/L) 1873-2800 N.D. N.D. 


Abbreviation: N.D., not done. 


a Total ranges. 
> 5% to 95% ranges. 


° Measured using cyanmethemoglobin method. 
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Table A1.2.8 Hawaiian Monk Seal Blood Values 


Parameter Hawaiian Monk Seal (Neomonachus schauinslandi) 
Wild Wild Wild 

All Ages 0-3 Year Olds >3 Year Olds 
Source (n = 24-46) (n = 6-16) (n = 17-30) 
Reference Kaufman et al. 2017 
RBC (108/mms3) 3.44 (0.9) 
Hb (g/dL) 19.43 (3.76) 
HCT (%) 52 (9.74) 
MCV (fL) 156.5 (29.94) 
MCH (pg) 46.74-64.34 50.45-68.36 
MCHC (g/dL) 37.13 (3.66) 
Platelets (109/mm°) 
Leukocytes/uL 4610-9920 5150-11 ,880 
Neutrophil (band) N.D. 
Neutrophil (mature) 2900-5430 1998-8250 
Lymphocyte 1960 (142) 
Monocyte 450 (400) 
Eosinophil 0-860 160-1660 
Basophil N.D. 
Total protein (g/dL) 5.57-8.32 6.79-8.68 
Albumin (g/dL) 3.33 (0.78) 
Globulin (g/dL) 2.62-4.55 3.25-5.57 
Glucose (mg/dL) 89.03 (45.48) 
BUN (mg/dL) 0-26.56 17.95-57.12 
Creatinine (mg/dL) 1.16 (0.72) 
Bilirubin (mg/dL) 0.3-0.9 0.1-0.4 
Cholesterol (mg/dL) 244.41-558.16 189.80-309.21 
Alk Phos (U/L) 144.71-475.07 97.87-369.38 
ALT (U/L) 6-96 36-238 
AST (U/L) 64.97 (69.26) 
GGT (U/L) 5.71 (3.26) 
CK (U/L) 575.54 (633.88) 
LDH (U/L) 700.08 (457.94) 
Calcium (mg/dL) 9.91 (1.54) 
Phosphorus (mg/dL) 7.12 (2.66) 
Sodium (mEq/L) 142.81-154.97 147.07-160.37 
Potassium (mEq/L) 4.67 (1.02) 
Chloride (mEq/L) 106.67 (6.98) 
Iron (ug/dL) N.D. 
Fibrinogen (mg/dL) N.D. 


Abbreviation: N.D., not done. 
a Mean (SD) 
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Table A1.3.1 Sea Lion Blood Parameters 


California Sea Lion 


Parameter (Zalophus californianus) Steller Sea Lion (Eumatopias jubatus) 
Wild Western Stock Alaska USA Pup 
Source Wild Adult (n = 66) (n = 869-1066) 
Reference Williams 20132 Lander et al. 2013° 
RBC (10%/mm3) 4.06—4.29 2.8-8.4 
Hb (g/dL) 15.0-15.9 11.4-18.7 
HCT (%) N.D. 32.2-471 
MCV (fL) 105-107 74.1-139.3 
MCH (pg) N.D. N.D. 
MCHC (g/dL) N.D. N.D. 
Platelets (10°/mm° ) 267-299 N.D. 
Leukocytes/uL 8800-10,200 3200-28,300 
Neutrophil (band) N.D. 0-101 
Neutrophil (mature) 4500-5600 3370-17,696 
Lymphocyte 2500-3000 1126-8991 
Monocyte 200-300 4—2323 
Eosinophil 1100-1500 0-1932 
Basophil N.D. 0-183 
Total protein (g/dL) 77-79 5.4-7.0 
Albumin (g/dL) 3.2-3.3 3.3-4.6 
Globulin (g/dL) 4.5-4.6 1.8-2.9 
Glucose (mg/dL) 136-150 113.7-246.0 
BUN (mg/dL) 30-38 9.0-31.2 
Creatinine (mg/dL) 0.9-1.1 0.4-0.9 
Bilirubin (mg/dL) 0.2-0.3 0.1-0.3 
Cholesterol (mg/dL) 213-239 145.8-262.1 
Alk Phos (U/L) 76-96 67.9-210.7 
ALT (U/L) 35-47 19.5-77.0 
AST (U/L) 32-45 174-1079 
GGT (U/L) 56-79 31.8-103.7 
CK (U/L) 185-742 N.D. 
LDH (U/L) N.D. N.D. 
Calcium (mg/dL) 9.5-9.7 9.8-11.9 
Phosphorus (mg/dL) 6.7-7.2 5.8-10.3 
Sodium (mEq/L) 151-152 143.3-152.9 
Potassium (mEq/L) 4.5-4.7 3.7-5.2 
Chloride (mEq/L) 109-111 98-109 
Iron (ug/dL) N.D. N.D. 
Fibrinogen (mg/dL) N.D. N.D. 


Abbreviation: N.D., not done. 
a 95% confidence intervals. 
> Lower and upper thresholds. 


Table A1.3.2 Fur Seal Blood Parameters 
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South American Fur Seal 


Parameter Northern Fur Seal (Cal/lorhinus ursinus) (Arctocephalus australis) 

Wild Lactating Wild Neonate Wild Pup (4-6 Wild Chile 

Female Pup weeks old) Lactating Female Wild Chile Pup 

Source (n = 24-45) (n = 50) (n = 42) (n = 17-32) (n = 41-100) 

Norberg et al. 
Reference 2009, 20112 Beckmen et al. 20032 Seguel et al. 20162 
RBC (10°/mm3) 3.50—-5.8 N.D. N.D. 3.7-7.7 3.0-5.9 
Hb (g/dL) 10.0-173 N.D. N.D. 10.1-19.8 9.9-16.7 
HCT (%) 35-55 35-57 32-44 36-51 30-48 
MCV (fL) 72-139 N.D. N.D. 61.9-147.5 58.5-135.3 
MCH (pg) 20-46 N.D. N.D. N.D. N.D. 
MCHC (g/dL) 28-39 N.D. N.D. 22.4-36.9 23.7-39.4 
Platelets (109/mm°) N.D. N.D. N.D. N.D. N.D. 
Leukocytes/pL 4200-14,800 7425-20,570 7728-29,115 10,800-24,800 10,600-—26,600 
Neutrophil (band) N.D. N.D. N.D. 100-2700 100-2000 
Neutrophil (mature) 3350-11, 100 4217-17,485 4525-20,672 2800-13,500 5100-—16,000 
Lymphocyte 529-2150 802-4162 1258-7983 2300-7400 1100-12,500 
Monocyte 0-765 189-3396 118-3785 200-2000 100-800 
Eosinophil 109-3100 0-2990 0-1113 100-8200 100-43,00 
Basophil 0-180 0 0 0 0 
Total protein (g/dL) 6.1-9.2 6.1-8.8 6.1-8.6 5.1-8.3 4.4-7.9 
Albumin (g/dL) 3.5-5.3 N.D. N.D. 2.4-5.4 4.4-5.3 
Globulin (g/dL) 1.5-4.9 N.D. N.D. 1.7-4.6 0.7-3.7 
Glucose (mg/dL) 123-249 N.D. N.D. N.D. N.D. 
BUN (mg/dL) 14-54 N.D. N.D. N.D. N.D. 
Creatinine (mg/dL) 0.3-1.4 N.D. N.D. N.D. N.D. 
Bilirubin (mg/dL) 0.3-0.5 N.D. N.D. N.D. N.D. 
Cholesterol (mg/dL) 245-309 N.D. N.D. N.D. N.D. 
Alk Phos (U/L) 36-170 N.D. N.D. 49-307 84-854 
ALT (U/L) 22-94 N.D. N.D. 2-38 2-38 
AST (U/L) N.D. N.D. N.D. 10-71 17-88 
GGT (U/L) N.D. N.D. N.D. 17-122 19-172 
CK (U/L) N.D. N.D. N.D. N.D. N.D. 
LDH (U/L) N.D. N.D. N.D. N.D. N.D. 
Calcium (mg/dL) 8.3-10.7 N.D. N.D. N.D. N.D. 
Phosphorus (mg/dL) 2.8-10.1 N.D. N.D. 1.2-2.6 1.8-3.9 
Sodium (mEq/L) 139-156 N.D. N.D. N.D. N.D. 
Potassium (mEq/L) 3.6-5.2 N.D. N.D. N.D. N.D. 
Chloride (mEq/L) N.D. N.D. N.D. N.D. N.D. 
Iron (yg/dL) N.D. N.D. N.D. N.D. N.D. 
Fibrinogen (mg/dL) N.D. N.D. N.D. N.D. N.D. 


Abbreviation: N.D., not done. 


a Range. 


Table A1.4 Sirenia Blood Parameters 
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Florida Manatee Amazonian Manatee Dugong 

Parameter (Trichecus manatus latirostris) (Trichechus inunguis) (Dugong dugon) 
Wild Captive Captive Brazil Wild Australia 
Source (n = 55) (n = 62) (n = 24) (n = 92-103) 
Lanyon et al. 2015, 

Reference Harvey et al. 2007 & 2009? De Mello et al. 2011 Woolford et al. 2015° 
RBC (10°/mms) 2.17-3.39 2.30-3.51 N.D. 2.70 (0.22) 
Hb (g/dL) 94-135 86-149 N.D. 114 (9) 
HCT (%) 28.9-43.5 27.7-46.1 N.D. 0.37 (0.03) 
MCV (fL) 114-140 105-140 N.D. 138 (11) 
MCH (pg) 36.6—-44.9 32.9-44.3 N.D. 42 (3) 
MCHC (g/dL) 280-354 294-336 N.D. 305 (11) 
Platelets (109/mm‘° ) 111-424 137-507 N.D. 329 (97) 
nRBC 0.00-0.21 0.00—0.25 N.D. 0.20 (0.33) 
Leukocytes/yL 2770—13,500 2850-14,200 N.D. 5580 (1600) 
Heterophil 770-6530 1400-8500 N.D. 1790 (600) 
Lymphocyte 1010-7200 830-8500 N.D. 2250 (1060) 
Monocyte 80-1700 70-2800 N.D. 290 (260) 
Eosinophil 0-1230 0-410 N.D. 1180 (540) 
Basophil 0-270 0-140 N.D. 0 
Total protein (g/dL) 69-93 70-92 6.9 (0.5) 70.96 (11.16) 
Albumin (g/dL) 25-46 33-47 3.4 (0.4) 3.66 (0.56) 
Globulin (g/dL) 33-54 32-58 N.D. 3.4 (0.7) 
Glucose (mg/dL) 41-178 34-154 46 (13) 6.38 (1.23) 
BUN (mg/dL) 1.12-12.0 5.04-24.90 41 (13) N.D. 
Creatinine (mg/dL) 0.5-3.8 1.3-3.9 2.3 (0.1) 0.94 (0.3) 
Bilirubin (mg/dL) 0.00-0.29 0.0-0.8 0.43 (0.47) N.D. 
Cholesterol (mg/dL) 81-281 73-293 209 (75) 89.1 (27.4) 
Alk Phos (U/L) 39-192 51-242 75 (27) 40.08 (10.10) 
ALT (U/L) 5-48 1-94 12 (8) 13.51 (5.69) 
AST (U/L) 4-26 3-37 15 (7) 16.44 (5.16) 
GGT (U/L) 9-47 11-99 47 (9) 26.5 (5.6) 
CK (U/L) 51-2966 64-3348 157 (85) 313.05 (147.25) 
Calcium (mg/dL) 8.0-14.8 8.8-13.6 13.2 (2.0) 10.16 (0.98) 
Phosphorus (mg/dL) 3.4-8.3 3.4-8.9 N.D. 5.89 (1.08) 
Sodium (mEq/L) 143-158 142-161 N.D. 163.00 (6.01) 
Potassium (mEq/L) 3.8-6.3 3.5-6.7 N.D. 5.88 (0.56) 
Chloride (mEq/L) 78-106 71-98 N.D. 109.00 (4.74) 
Fibrinogen (mg/dL)° 172-610 N.D. N.D. 300 (140) 
Prothrombin time (sec)° 5.8-12.5 N.D. N.D. N.D. 
Partial thromboplastin time (sec)¢ 10.4-12.0 N.D. N.D. N.D. 
Antithrombin III (%)¢ 112-161 N.D. N.D. N.D. 
D-dimer (ng/mL)°¢ 0-588 N.D. N.D. N.D. 


Abbreviation: N.D., not done. 


a Range. 
> Mean (SD). 


© Source: Barratclough et al. 2015 
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Table A1.5 Walrus Blood Parameters 


Pacific Walrus Atlantic Walrus 
Parameter (Odobenus rosmarus divergens) (Odobenus rosmarus rosmarus) 
Wild 

Captive Adult Male 
Source (n = 3, sample = 42) (n = 17) 
Reference SeaWorld? Tryland et al. 20092 
RBC (108/mm3) 3.1-3.4 N.D. 
Hb (g/dL) 14.9-19.2 N.D. 
HCT (%) 43-52 N.D. 
MCV (fL) 135-153 N.D. 
MCH (pg) 48-56 N.D. 
MCHC (g/dL) 35-37 N.D. 
Platelets (10°/mm‘° ) 100-262 N.D. 
Reticulocytes (%) 0.0-0.2 N.D. 
nRBC 0 N.D. 
ESR (at 60 min) 31-107 N.D. 
Leukocytes/uL 5300-9510 N.D. 
Neutrophil (band) 0-11 N.D. 
Neutrophil (mature) 2945-6680 N.D. 
Lymphocyte 995-2070 N.D. 
Monocyte 210-660 N.D. 
Eosinophil 210-590 N.D. 
Basophil 0 N.D. 
Total protein (g/dL) 6.5-7.1 7.0-8.5 
Albumin (g/dL) 2.2-3.1 2.62-3.40 
Globulin (g/dL) 3.7-4.6 4.09-5.49 
Glucose (mg/dL) 103-111 N.D. 
BUN (mg/dL) 37-45 30-52 
Creatinine (mg/dL) 0.9-1.3 0.97-1.52 
Bilirubin (mg/dL) 0.1-0.2 0.05—0.17 
Cholesterol (mg/dL) 162-276 173-270 
Alk Phos (U/L) 25-67 52-237 
ALT (U/L) 15-55 14-42 
AST (U/L) 43-152 59-119 
GGT (U/L) 109-443 279-365 
CK (U/L) 21-80 37-458 
LDH (U/L) 236-340 508-1182 
Calcium (mg/dL) 8.8-9.3 2.2-2.6 
Phosphorus (mg/dL) 4.4-6.4 1.8-2.4 
Sodium (mEq/L) 146-151 149-161 
Potassium (mEq/L) 4.1-4.6 4.8-6.7 
Chloride (mEq/L) 112-116 103-114 
Iron (ug/dL) 98-147 N.D. 
Fibrinogen (mg/dL) 250-358 N.D. 


Abbreviation: N.D., not done. 
4 90% confidence intervals. 
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Table A1.6 Sea Otter and Polar Bear Blood Parameters 


Polar Bear 

Parameter Sea Otter (Enhydra lutris) (Ursus maritimus) 
Wild 

Source Wild Juvenile Wild Adult (n = 18-151) 
Reference T. Williams? M. Cattet and N. Caulkett? 
RBC (108/mm#) 4.6-6.3 4.4-6.2 5.40-8.24 
Hb (g/dL) 14.6-22.3 13.6-21.8 12.9-175 
HCT (%) 44-57 40-66 36-53 
MCV (fL) 95-118 97-118 62-73 
MCH (pg) 32-37 32-40 21-26 
MCHC (g/dL) 32-35 32-37 33-37 
Leukocytes/uL 6100-14,400 6700-14,400 3300-10,800 
Neutrophil (band) 0-240 0-260 175-575 
Neutrophil (mature) 3000-10,200 4110-11,820 1955-6405 
Heterophil 0 0 0 
Lymphocyte 1340-5230 1510-5400 640-2095 
Monocyte 0-490 0-420 370-1210 
Eosinophil 0-230 0-320 130-420 
Basophil N.D. N.D. 25-85 
Total protein (g/dL) 5.3-9.4 4.9-78 4.9-9.4 
Albumin (g/dL) 2.0-3.5 2.4-3.7 2.9-4.6 
Globulin (g/dL) N.D. N.D. 2.0-5.7 
Glucose (mg/dL) 60-191 67-161 61-168 
BUN (mg/dL) 25.0-86.0 31.0-90.0 3.9-64.7 
Creatinine (mg/dL) 0.4-3.2 0.5-1.8 0.6—2.7 
Bilirubin (mg/dL) N.D. N.D. 0.0—0.2/N.D. 
Cholesterol (mg/dL) 115-382 198-288 151-638 
Alk Phos (U/L) 31-312 57-259 0-31 
ALT (U/L) 68-366 71-248 8-29 
AST (U/L) N.D. N.D. 16-90 
GGT (U/L) N.D. N.D. 16-176 
CK (U/L) N.D. N.D. 54-384 
LDH (U/L) N.D. N.D. N.D. 
Calcium (mg/dL) 6.4-11.8 6.4—10.8 5.4-10.7 
Phosphorus (mg/dL) 3.5-13.0 4.5-10.5 4.3-76 
Sodium (mEq/L) 141-160 140-159 133-148 
Potassium (mEq/L) 4.1-5.6 4.0-5.5 3.1-5.2 
Chloride (mEq/L) N.D. N.D. 88-114 
Iron (ug/dL) N.D. N.D. N.D. 
Fibrinogen (mg/dL) N.D. N.D. N.D. 


Abbreviation: 
a Range. 


N.D., not done. 


Taylor & Francis 
Taylor & Francis Group 


http://taylorandfrancis.com 
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Cetaceans 


Beluga Delphinapterus leucas 


Bottlenose dolphin Tursiops 
truncatus 


Botu /nia geoffrensis 


Bowhead whale Balaena 
mysticetus 

Common dolphin Delphinus 
delphis 

Dall’s porpoise Phocoenoides 
dalli 

Gray whale Eschrichtius robustus 

Harbor porpoise Phocoena 
phocoena 


Killer whale Orcinus orca 


Pacific white-sided dolphin 
Lagenorhynchus obliquidens 


Cornell et al. 1988 

St. Aubin and Geraci 1989 

St. Aubin et al. 2001 

Norman et al. 2012, 2013 

Medway and Geraci 1964, 
1965 

Geraci and Medway 1973 

Morgan et al. 1999 

Reidarson et al. 2000 

Terasawa et al. 2002 

Fair et al. 2006 

Goldstein et al. 2006 

Varela et al. 2006 

Hall et al. 2007 

Venn-Watson et al. 2007 

Bossart et al. 2008 

Schwacke et al. 2009 

Macchi et al. 2011 

Ridgway et al. 1970 

Amsel 1986 

Heidel et al. 1996 


Sharp et al. 2014 
Ridgway et al. 1970 


Reidarson et al. 2001 

Nielsen and Andersen 
1982 

Koopman et al. 1995, 1999 

Cornell 1983 

Robeck and Nollens 2013 

Ridgway et al. 1970 


BLOOD REFERENCES 


Pilot whale Globicephala 


Rough Foothed dolphin S. Feno 
bredanensis 

Sei whale (Ba/aenoptera borealis) 

Spotted dolphin (Stenella 
attenuata) 


Medway and Moldovan 1966 
Ridgway et al. 1970 
Manire et al. 2018 


Saito et al. 1976 
St. Aubin et al. 2013 


Pinnipeds (otariids) 


Antarctic fur seal Arctocephalus 
gazella 

Australian sea lion Neophoca 
cinerea 


California sea lion Zalophus 
californianus 


Guadalupe fur seal Arctocephalus 
townsendii 

Northern fur seal Callorhinus 
ursinus 


South American fur seal 
Arctocephalus australis 
Steller sea lion Eumatopias jubatus 


Galapagos fur seal Arctocephalus 
galapogoensis 

Galapagos sea lion Zalophus 
wollebaeki 
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Tryland et al. 2012 


Cargill et al. 1979 
Needham et al. 1980 
Marcus et al. 2015 
Roletto 1993 

Reidarson et al. 2000 
Williams 2013 
Vera-Massieu et al. 2015 
Lander et al. 2000 


Hunter and Madin 1976, 
1978 

Norberg et al. 2009, 2011 

Seguel et al. 2016 


Castellini et al. 1993 

Rea et al. 1998 

Rea and Mashburn 2005 
Richmond et al. 2005 
Keough et al. 2010 

Lander et al. 2013 

Horning and Trillmich 1997 


Trillmich et al. 2008 
Paez-Rosas et al. 2016 


1024 Appendix 2 


Pinnipeds (phocids) 


Baikal seal Pusa sibirica 

Crabeater seal Lobodon 
carcinophagus 

Harbor seal Phoca vitulina 


Harp seal Pagophilus 
groenlandicus 


Hawaiian monk seal 
Neomonachus schauinslandi 


Hooded seal Cystophora cristata 


Gray seal Halichoerus grypus 


Leopard seal Lobodon 
carcinophagus 

Northern elephant seal Mirounga 
angustirostris 


Ronald and Kay 1983 
Seal et al. 1971 


McConnell and Vaughan 
1983 

Kuiken 1985 

Williams et al. 1994 

deSwart et al. 1995 

Trumble and Castellini 
2002 

Lander et al. 2003 

Trumble et al. 2006 

Hasselmeier et al. 2008 

Greig et al. 2010 

Ronald et al. 1969 

Geraci 1971 

Geraci and Engelhardt 
1974 

Worthy and Levigne 1982 


Nordoy and Thoresen 2002 


Boily et al. 2006 


Banish and Gilmartin 1988 


Reif et al. 2004 

Kaufman et al. In Prep 
Clausen and Ersland 1969 
Boily et al. 2006 
Greenwood et al. 1971 
Schweigert 1993 

Hall 1998 

Barnett et al. 2007 

Seal et al. 1971 


Costa and Ortiz 1982 
Gulland et al. 1996 
Yochem et al. 2006 


Southern elephant seal Mirounga 
leonina 


Ribbon seal Phoca fasciata 
Ringed seal Phoca hispida 


Weddell seal Leptonychotes 
weddellii 


Walrus 


Sirenia 


Antillean manatee Trichecus 
manatus manatus 


Florida manatee Trichechus 
manatus latirostris 


Amazonian manatee (Trichechus 
inunguis) 
Dugong (Dugong dugon) 


Polar bear Ursus maritimus 


Sea otter Enhydra lutris 


Bryden and Linn 1969 
Lane et al. 1972 

Lewis et al. 2001 
Lenfant et al. 1970 
Engelhardt 1979 
Geraci and Smith 1975 
Geraci et al. 1979 
Tryland et al. 2006 
Seal et al. 1971 
Schumacher et al. 1992 
Trillmich et al. 2008 
Wolk and Kosygin 1979 
Tryland et al. 2009 


Converse et al. 1994 

Silva et al. 2009 

Medway 1976 

Medway, Rathbun, and 
Black 1982 

Bazzini et al. 1986 

Kiehl and Schiller 1994 

Manire et al. 2003 

Harvey et al. 2007, 2009 

Gerlach et al. 2015 

Barratclough et al. 2016 

Colares et al. 2000 

De Mello et al. 2011 

Lanyon et al. 2012, 2015 

Woolford et al. 2015 

Seal et al. 1967 

Lee et al. 1977 

Kirk et al. 2010 

Williams and Pulley 1983 

Williams et al. 1994 

Wickham et al. 1990 

Rebar et al. 1995 
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APPENDIX 4: CONVERSIONS 


Table A4.1 Blood Values 


To Convert To Convert 

Item From To Multiply by From To Multiply by 
Albumin g/dl g/| 10.0 g/l g/dl 0.1 
Bilirubin, total mg/dl umol/| 17.1 umol/| mg/dl 0.059 
BUN mg/dl mmol/| 0.714 mmol/| mg/dl 1.4 
Calcium mg/dl mmol/| 0.25 mmol/l mg/dl 4.0 
Cholesterol mg/dl mmol/| 0.02586 mmol/| mg/dl 38.7 
Cortisol ug/dl nmol/| 27.59 nmol/| yg/dl 0.0362 
Creatinine mg/dl umol/| 88.4 umol/| mg/dl 0.0113 
Globulin g/dl g/| 10.0 g/l g/dl 0.1 
Glucose mg/dl mmol/| 0.05551 mmol/| mg/dl 18.0 
Insulin pU/ml pmol/| 7175 pmol/| pU/ml 0.1296 
Iron ug/dl umol/| 0.1791 umol/| yg/dl 5.58 
Lactate mg/dl mmol/| 0.111 mmol/l mg/dl 9.009 
Lead ug/dl umol/| 0.04826 umol/| yg/dl 20.72 
Magnesium mg/dl mmol/| 0.4114 mmol/| mg/dl 2.43 
Phosphorus mg/dl mmol/| 0.3229 mmol/| mg/dl 3.097 
Progesterone ng/dl nmol/| 0.032 nmol/| ng/dl 31.25 
Protein g/dl g/| 10.0 g/| g/dl 0.1 
Thyroxine ug/dl nmol/| 12.87 nmol/| yg/dl 0.0777 
Uric acid mg/dl mmol/| 0.059 mmol/| mg/dl 16.95 

Item Equal to 

Blood volume approx. 8% body weight 

Plasma volume approx. 4—5% body weight 

500 ml blood approx. 1 Ib 

PCV Hematocrit (HCT) 

1 mEq/l 1 mmol/| 
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Table A4.2 Weight and Measures 
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To Convert To Convert 
Category From To Multiply by From To Multiply by 
Weight pound (Ib) kilogram (kg) 0.454 kg Ib 2.2 
ounce (02) Ib 0.0625 Ib Oz 16.0 
gram (g) oz 0.0352 oz g 28.4 
g grain (gr) 15.43 gr g 0.0648 
g mg 1000 mg g 0.001 
mg ug 1000 ug mg 0.001 
ug ng 1000 ng ug 0.001 
ng picogram (pg) 1000 pg ng 0.001 
Linear mile km 1.6 km mile 0.625 
yard (yd) m 0.917 m yd 1.09 
foot (ft) cm 30.48 cm ft 0.0328 
inch (in.) cm 2.54 cm in 0.394 
mm cm 0.1 cm mm 10.0 
Liquid gallon (gal) liter (I) 3.785 | gal 0.264 
quart (qt) gal 0.25 gal qt 4.0 
qt liter (I) 0.946 | qt 1.057 
fl.oz. qt 0.0313 qt fl.oz. 32.0 
fl.oz. | 0.0296 | fl.oz. 33.8 
fl.oz. cup (c) 0.125 Cc fl.oz. 8.0 
cup (c) pint (pt) 0.5 pt Cc 2.0 
fl.oz. ml 30.0 ml fl.oz. 0.033 
milliliter (ml) | 0.001 | ml 1000 
microliter (ul) ml 0.001 ml ul 1000 
nanoliter (nl) ul 0.001 ul nl 1000 
picoliter (pl) nl 0.001 nl pl 1000 
femtoliter (fl) pl 0.001 pl fl 1000 
tablespoon ml 15.0 ml tbsp 0.067 
(tbsp) 
teaspoon ml 5.0 ml tsp 0.2 
(tsp) 
ml cubic cm (cc) 1.0 cc ml 1.0 
drop ml 0.05 ml drop 20 
Energy calorie (cal) joules (J) 4.18 J cal 0.239 
calorie (cal) kcal 0.001 kcal cal 1000 
kcal kJ 4.18 kJ kcal 0.239 
kcal MJ 0.00418 MI kcal 239.2 
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Table A4.3 Fahrenheit vs. Centigrade Conversion Chart 


°F 
95.0 
95.2 
95.4 
95.6 
95.8 
96.0 
96.2 
96.4 
96.6 
96.8 
97.0 
97.2 
97.4 
97.6 
97.8 
98.0 
98.2 
98.4 
98.6 


°c 
35.0 
35.1 
35.2 
35.3 
35.4 
35.6 
35.7 
35.8 
35.9 
36.0 
36.1 
36.2 
36.3 
36.4 
36.6 
36.7 
36.8 
36.9 
37.0 


a 
98.8 
99.0 
99.2 
99.4 
99.6 
99.8 

100.0 
100.2 
100.4 
100.6 
100.8 
101.0 
101.2 
101.4 
101.6 
101.8 
102.0 
102.2 
102.4 


°c 

37.1 

37.2 
37.3 
37.4 
37.6 
37.7 
37.8 
37.9 
38.0 
38.1 
38.2 
38.3 
38.4 
38.6 
38.7 
38.8 
38.9 
39.0 
39.1 


°F 
102.6 
102.8 
103.0 
103.2 
103.4 
103.6 
103.8 
104.0 
104.2 
104.4 
104.6 
104.8 
105.0 
105.2 
105.4 
105.6 
105.8 
106.0 
106.2 


°c 
39.2 
39.3 
39.4 
39.6 
39.7 
39.8 
39.9 
40.0 
40.1 
40.2 
40.3 
40.4 
40.6 
40.7 
40.8 
40.9 
41.0 
41.1 
41.2 


Temperature formulas: 


°C = 5/9 (°F — 32) 
°F = (°C x 9/5) + 32 


Taylor & Francis 
Taylor & Francis Group 


http://taylorandfrancis.com 


APPENDIX 5: INTERNATIONAL 
STRANDING NETWORKS 
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Page numbers followed by f, t, and b indicate figures, tables, and boxes, respectively. 


A 


Abalone (Haliotis cracheriodii) 
fecal and urinary energy losses, 709 
Abandoned, lost, or discarded fishing gear 
(ALDFG), 37 
Abdominal ultrasound technique, 545 
Abdominocentesis, 916 
Abiotrophia balaenopterae, 369 
Abortion, 379 
induction of 
in cetaceans, 189 
in pinnipeds, 176 
Acanthamoeba spp., 450 
Acanthocephala (thorny-head worms), 473, 
477t, 480-481, 488t 
Acanthocephalan-related disease, 969 
Acanthocheilonema odendbali, 483, 930 
Acanthocheilonema spirocauda, 483, 487, 
918 
Acanthocheilonema spp., 478t 
Accessory sinus system (air sacs), 122, 123 
Acepromazine, 682, 683 
Actinobacillus delphinicola, 372, 376 
Actinobacillus scotiae, 369, 376 
Actinomyces pyogenes, 367 
Active gestation, in pinnipeds, 174 
Acute multifocal necrosuppurative 
pneumonia, 377 
Acute-phase proteins (APPs), 213, 215t 
Acute stress response, 156, 160, 162; 
see also Stress response 
Acute suppurative bronchopneumonia, 
281 
Adaptive immune system, 210-211, 210f 
delayed-type hypersensitivity, 219-220 
immunophenotyping, 220, 220f 
lymphocyte proliferation, 219 


Adenoviruses, 333, 353, 355 
clinical signs, 353 
diagnosis, 355 
epidemiology, 355 
host range, 353 
pathology, 353, 355 
public health significance, 355 
therapy, 353 
virology, 353 
Adipocytokines, 144 
Adrenal cortical atrophy/hyperplasia, 283 
Adrenal gland 
gross anatomy of, 119 
hormones, 140-141 
microscopic anatomy of, 120 
Adrenal medulla, 156 
Adrenal steroids, 188 
Adrenocorticotropic hormone (ACTH), 140, 
158 
Aeromonas hydrophila, 370, 371, 372 
Aeromonas spp., 369, 370, 371, 375 
AFLPs, see Amplified fragment length 
polymorphisms (AFLPs) 
African fur seals (Arctocephalus pusillus), 
275t, 353, 443t, 480 
Age 
marine mammal necropsy, 261-262 
protozoan parasite infection, risk factor, 
459 
related arteriosclerosis, 283-284 
Agglutination tests, 379, 451 
Aggression control 
in cetaceans, 192 
AGID serological test, 995 
AI, see Artificial insemination (AD 
Air quality 
in cetaceans, 758 
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Air sacs (accessory sinus system), 122, 123 
Alaska humpback whales (Wegaptera 
novaeangliae), 838 
Albendazole, 455 
Aldosterone, 141, 145, 159 
Aldrin, 303 
Alexandrium spp., 320t, 321 
Alkaline phosphatase 
hematology/serum chemistry, 894 
Alkanes, 20 
Alkenes, 20 
Alliance of Marine Mammal Parks and 
Aquariums (AMMPA), 70, 198-199 
Alopecia syndrome, 279-280, 912, 913, 995 
Alpha2-agonists, 583 
Alphaherpesvirus, 345t, 346, 347 
Alpha Ig (IgA), 211-212, 213 
Altrenogest, 192 
Alzheimer’s disease, 321 
Amazonian manatee (Trichechus inunguis), 
378, 379, 431t, 443t, 444t, 446, 
698, 1019t, 1024 
fasting and starvation, 717 
Amazon river dolphin Unia geoffrensis), 
279, 299, 413, 428t 
water requirements, 720 
AmBisome, 419 
American black bears (Ursus americanus), 353 
American fur seals (Arctocephalus 
australis), 21 
American Samoa Department of Marine 
and Wildlife Resources, 1036 
Amikacin, 608t, 612 
Aminocaproic acid, 608t 
Aminoglycoside amikacin, 380 
Aminoglycosides, 369, 375, 611 
4-aminopyridine, 591 


AminosynTM amino acid solution, 916 
Aminotransaminases (ALT), 918 
Ammonium acid urate (AAU), 282 
stones, 902 
Amnesic shellfish poisoning (ASP), 320 
Amoebae, 450-451 
Amoxicillin, 396t, 416, 608t 
Amphimerus, 476t 
Amphotericin B, 391t, 392t, 393t, 395t, 397t, 
406t, 407t, 408t, 410t, 411t, 418t, 419 
Ampicillin, 376 
Amplicon sequencing, 377 
Amplified fragment length polymorphisms 
(AFLPs), 235 
Amyloidoses, renal and systemic, 282 
Analgesia, pre-euthanasia sedation and, 
682-683 
Analysis of gases, marine mammal 
necropsy, 259 
Anchovy (Engraulis mordax) 
fecal and urinary energy losses, 711 
Ancotil, 419 
Ancylostomatoidea, 478t 
Anellovirus, 354t 
Anemia, 282, 377 
Anesthesia 
anesthetic protocol 
choice of, 568 
invasive techniques, 570 
monitoring of physiologic 
parameters, 568-569 
noninvasive techniques, 569 
preanesthetic examination, 568 
cetaceans 
analgesia, 576 
anatomic/physiologic considerations, 
569 
inhalation anesthesia, 573-574 
intubation, 573 
monitoring, 574 
physical restraint, 569-570 
recovery, 575-576 
sedation, 570, 571t-572t 
support, 574-575 
vascular access, 570, 573 
medical training of cetaceans/pinnipeds, 
880 
odobenids 
emergencies, 595 
field immobilization, 594 
induction, 591, 594 
inhalation anesthesia, 594 
intubation, 594 
monitoring, 594 
sedation, 591, 592t-593t 
support, 594-595 
for ophthalmic surgery 
choice of anesthetics, 532-533 
neuromuscular blockage, 533-534 
vasovagal reflexes, 535 
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otariids 
emergencies, 583-584 
field immobilization, 581-582 
induction, 576 
inhalation anesthetics, 581 
monitoring, 582-583 
sedation, 576, 577t-580t 
support, 583 
phocids 
emergencies, 590-591 
field immobilization, 589 
induction, 584, 589 
inhalation anesthesia, 589 
intubation, 589 
monitoring, 589-590 
sedation, 584, 585t—-588t 
support, 591 
polar bears 
inhalation anesthesia, 599, 601 
monitoring, 601 
sedation, 599, 600t 
support, 601 
sea otters 
emergency drugs, 599 
inhalation anesthesia, 598 
intubation, 598 
monitoring, 598 
sedation and induction, 597-598, 
597t 
support, 598-599 
Sirenians 
emergencies, 598 
inhalation anesthesia, 596 
intubation, 595-596 
monitoring, 596 
sedation, 595, 596t 
support, 596-597 
Angiomatosis, 281 
Angiotensin, 145 
Angiotensin-converting enzyme (ACE), 145 
Anidulafungin, 419 
Animal Biotelemetry, 773 
Animal-borne video and environmental 
collection systems (AVEDs), 769 
Animals 
under human care, 679; see also 
Euthanasia 
stranded, 677 
Animal Welfare Act (AWA), 64, 70, 757 
Animal Welfare Act and Animal Welfare 
Regulations, 952 
Animal well-being, ethics and, 67-72, 
68t-69t 
captive display, 70 
interactive recreation, 70-71 
looking forward, 72 
research, 71 
stranding response and rehabilitation, 
71-72 
Anisakidae, 477t 


Anisakid nematodes (Pseudoterranova 
decipiens), 980 
Anisakis spp., 473, 477t, 481, 482 
Ankylosing spondylosis, 280 
Anopbryocephalus spp., 477t 
Anoplocephala spp., 480 
Anorexia, 346, 353, 354t, 378, 379, 724, 888, 
893, 902, 915, 916, 919 
Antacids, 612 
Antarctic blue whales (Balaenoptera 
musculus), 232 
Antarctic fur seals (Arctocephalus gazella), 
234, 307, 428t, 437t, 583, 1023 
PIT tags, 775 
Antarctic minke whales (Balaenoptera 
bonaerensi), 309 
Antarctophthirus microchir, 487, 912 
Antarctophthirus spp., 478t 
Antarctophthirus trichechi (Lice), 912 
Anthracosis, 281 
Anthropogenic factors 
mass strandings and UMEs due to 
affecting cetaceans, 5t-6t 
affecting pinnipeds, 7-8 
affecting sea otters, 8, 8t 
affecting sirenians, 8, 9t 
Anthropogenic mortality investigation, 
256-257 
Anthropogenic scars, 838 
Anthropogenic stressors, 155t—-156t 
Anthropogenic trauma, marine mammals, 
277-278 
Antibiotic(s) 
bacterial respiratory disease, 370 
fungal infections, 391t—411t, 412, 416 
leptospirosis, 379 
pasteurellosis, 376 
resistance, 368 
septicemia, 369 
urogenital disease, 372 
Antibodies (Ab); see also Immunoglobulins 
(Ig) 
anti-Brucella, 373, 374 
Anticonvulsants, 324 
Anti-inflammatory cytokines, 215-216 
Antillean manatees (Trichechus Manatus), 
261, 262, 268, 209t, 273t, 324, 334, 
430t, 431t, 446t, 448t, 488, 1024 
Antimicrobial therapy for corneal lesions, 
523 
cetaceans, 523 
Anti-mold prophylaxis, 415 
Antioxidants, 299 
Antiulcer medications, 612-613 
Antiviral genes, 233 
Anxiolytics, use of, 570 
Apical complex, defined, 426 
Apicomplexa 
enteric, 440, 441, 442, 443t-444t 
Cryptosporidium spp., 442, 443t-444t 


Cystoisospora Usospora), 440, 441, 
443t-444t 
Eimeria spp., 441, 442, 443t-444t, 
445 
systemic, 426-440 
gross and microscopic lesions, 
456-457 
haemosporidia, 439, 440 
Neospora caninum, 433, 434t 
Neospora caninum-like, 433, 434t 
other Sarcocystis spp., 439 
Sarcocystis neurona and S. neurona- 
like, 433, 434-438, 439, 440, 441 
Sarcocystis spp. associated with 
necrotizing hepatitis (S. canis, 
S. canislike/ S. arctosi, and 
S. pinnipedi), 438, 439, 442 
Toxoplasma gondii, 426-432 
treatment and prognosis, 454—455 
Apnea, 590 
Apophallus spp., 475, 476t 
Apophysomyces elegans, 395t, 406t, 416 
Apophysomyces spp., 389, 390, 413 
APPs, see Acute-phase proteins (APPs) 
Arboviruses, 354t 
Arcanobacterium phocae, 369, 371 
Arcanobacterium pluranimalium, 371 
Arcanobacterium pyogenes, 367, 371 
Arcella spp., 448t, 451 
ArcGIS®, 773 
Archosargus probatocephalus (sheepshead), 
277 
Arctic foxes (Vulpes lagopus), 334 
Arctic Monitoring and Assessment Program 
(AMAP), 250 
Arctocephalus australis (South American 
fur seal), 21, 275t, 276, 338, 345t, 
378, 1018t, 1023 
Arctocephalus forsteri (fur seals), see 
Fur seals (Arctocephalus forsteri) 
Arctocephalus forsteri (New Zealand fur 
seals), 177 
Arctocephalus galapogoensis (Galapagos fur 
seal), 1023 
Arctocephalus gazella (Antarctic fur seals), 
234, 307, 428t, 437t, 583, 1023 
PIT tags, 775 
Arctocephalus pusillus (African fur seals), 
275t, 353, 443t, 480 
Arctocephalus pusillus (Australian fur seals), 
277, 279, 443t 
Arctocephalus townsendii (Guadalupe fur 
seal), 277, 434t, 435t, 1023 
Arctocephalus tropicalis (subantarctic fur 
seal), 378, 913 
Arctocephlus forsteri (New Zealand fur 
seal), 428t 
Arctocephlus pusillus (Cape fur seal), 428t 
Arginine vasopressin (AVP), 140, 145 
Argos server, 770 
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ArgosWeb, 770 
Aristotle, ethics and, 64b 
Arizona spp., 369 
Aromatic compounds, 20 
Arteriosclerosis, age-related, 283-284 
Arthritis, 280 
Arthropods, parasitic, 487-488, see 
also Helminths and parasitic 
arthropods 
Artificial insemination (AIT 
in cetaceans, 194-199 
follicular development and ovulation, 
induction of, 196-197 
future applications, 198-199 
insemination techniques, 197, 198t 
manipulation and control of 
ovulation, 196 
postmortem sperm rescue and 
cryopreservation, 195-196, 196f 
semen collection, storage, and 
cryopreservation, 194-195, 195t 
with sex-selected sperm, 197-198, 
198t 
synchronization of ovulation, 197 
Ascaridoidea, 477t 
Ascaridoids, 482 
Ascocotyle, 476t 
Ascorbic acid deficiency, 724 
Ascotyle longa, 475 
Asfarviruses, 354t 
Aspergillosis, 413, 416 
Aspergillus fumigatus, 390, 391t-392t, 395t, 
412, 413, 414, 415 
Aspergillus niger, 395t 
Aspergillus sp., 758 
Aspergillus spp., 389, 390, 393t-395t, 412, 
413, 415, 416, 419 
Aspiration pneumonia, 281 
“Asselli’s pseudopancreas,” 211 
Assisted reproductive technologies, 199 
Association of Zoos and Aquariums (AZA), 
70, 198 
Astrovirus, 354t 
Atlantic bottlenose dolphins, see Bottlenose 
dolphins (Tursiops truncatus) 
Atlantic cod (Gadus morhua), 374 
Atlantic mackerel (Scomber scombrus), 321 
Atlantic spotted dolphin (Stenella frontalis), 
272t, 430t, 438t, 447t 
Atlantic surf clam (Spisula solisissima), 753 
Atlantic walrus (Odobenus rosmarus 
rosmarus), 935, 1020t, 1024 
Atlantic white-sided dolphins 
(Lagenorhynchus acutus), 272t, 
351, 375, 438t, 483 
Atracurium, 574 
Atrial natriuretic peptide (ANP), 145 
Atropine, 298, 334, 583, 590 
Auditory evoked potentials (AEPs), 257, 
278 


Auditory pathology, marine mammal 
necropsy, 257-258 

Australian fur seals CArctocephalus pusillus), 
277, 279, 443t 

Australian sea lions (Neophoca cinerea), 
171, 372, 378, 487, 1023 

PIT tags, 775 

Autonomic nervous system, 156 

Avian influenza (H3N8), 50 

Axial keratopathy, 520 

Azole antifungals, 611 

Azole-resistant Aspergillus fumigatus 
(ARAF) strains, 390 

Azoles, 390, 392t-411t, 413, 414, 417, 419 


B 


B. multipapillata, 995 
Babesia spp., 440 
Bacitracin, 373 
Bacterial infections and diseases, 367-380 
antibiotic resistance, 368 
associated with organ systems, 368, 
369-373 
dermatological disease, 370-371 
gastrointestinal disease, 372 
respiratory disease, 370 
septicemia, 368, 369-370 
urogenital disease, 371-372 
Brucella spp. and brucellosis, 373-374 
erysipelothrix, 377 
leptospirosis, 379-380 
mycobacterial infections, 377-379 
nocardiosis, 380 
overview, 367 
pasteurellosis, 375-377 
sampling for bacteriology, 368, 369t 
vibriosis, 374-375 
Bacterial zoonoses 
Brucella spp., 53 
Coxiella burnetii, 54 
Erysipelothrix rhusiopathiae, 52 
Leptospira spp., 53-54 
miscellaneous and mixed, 54-55 
Mycobacterium spp., 52-53 
Salmonella, 52 
seal finger and Mycoplasma spp., 51-52 
Baermann technique, 472 
Baikal seals (Pusa sibirica), 333, 917, 1024 
Balaena mysticetus (bowhead whales), 261, 
269t, 271t, 276, 279, 297-298, 308, 
321, 348, 371, 444t, 446t, 447t, 
448t, 449, 483, 1023 
aerial photogrammetry and health 
assessment, 840 
Balaenopbhilus spp., 479t, 488 
Balaenophilus unisetus, 488 
Balaenoptera acutorostrata, see 
Minke whales (Balaenoptera 
acutorostrata) 


Balaenoptera borealis (sei whales), 6, 232, 
269t, 271t, 341, 430t, 434t, 437t, 
439, 446t, 448t, 1023 

Balaenoptera edeni (Bryde’s whale), 280, 
373 

Balaenoptera musculus (Blue whales), 
see Blue whales (Balaenoptera 
musculus) 

Balaenoptera physalus (fin whales), 232, 
261, 269t, 271t, 308, 344t, 426, 
430t, 434t, 437t, 446t, 447t, 448t, 
483 

gestation and lactation, 705 

Balaenopterid whales, 261 

Balamuthia mandrillaris, 450 

Balantididum spp., 844 

Balantidium spp., 448t, 450 

Balanus spp., 478t 

BALB/c mouse model, 374 

Baleen whales, 261, 299, 835 

Ballistics, 686-687; see also Euthanasia 

Baltic Sea, 914 

Banamine, 407t 

Barbiturates, 683-684; see also Drugs for 
euthanasia 

Barnacles, 488 

Basal metabolic rate (BMR), 697 

Basidiomycetes spp., 406t 

Basilea Medical Ltd, 419 

Bayer Animal Health Corporation, 455 

Baylisascaris spp., 482, 487 

Baylisascaris transfuga, 995 

Baylisia spp., 477t 

Baylisiella spp., 477t 

B cell receptor (BCR), 211, 219 

Beaked whale morbillivirus (BWMV), 334 

Beaked whales (Ziphiidae), 256, 278, 279, 
282 

Bearded seals (Erignathus barbatus), 321, 
343, 427t, 434t, 437t, 439, 446t, 
913, 990, 1012t 

tag posts in, 775 
Behaviors for medical training 
place, 874 
separation of animals-gating, 874-875 
stay, 874 
target, 873-874 
touch, 874 
water, 874 

Beluga coronavirus (BWCoV), 341 

Beluga whales (Delphinapterus leucas), 
140, 142, 158, 268, 269t, 271t, 280, 
298, 2301, 308, 333, 344t, 369, 375, 
393t, 402t, 418t, 428t, 434t, 437t, 
438t, 448t, 450, 479, 481, 557, 561, 
698, 829-830, 835, 990, 1006t, 
1023 

estrous cycle and ovarian physiology, 
182f, 183f, 184 
male seasonality, 191-192 
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NK cell activity in, 218 
phagocytosis in, 217, 218f 
pregnancy in, 186 
reproductive cycle (female), 181 
reproductive maturity and senescence, 
178 
respiratory burst in, 218, 218f 
sexual maturity (male), 189 
Benign papillomas, 352 
Benzene, 20 
Benzodiazepines, 595, 682, 921 
sedatives, 584 
Betadine, 402t 
Betadine ointment 
skin wounds, 913 
Bioenergetic schemes, 700, 704 
Bioindicators, of stress response 
endocrine, 156-159, 157t 
hematological and blood chemistry, 161t 
Biological filtration, 760 
Biopsies, 880 
Biotoxins, 319-321 
brevetoxins (PbTxs), 320, 321, 322, 323, 
324t 
domoic acid (DA), 320, 321, 322, 323, 324t 
exposure, 921 
by HABs, 4 
mass strandings and UMEs due to 
affecting cetaceans, 5t 
affecting pinnipeds, 7, 7t 
affecting sea otters, 8, 8t 
affecting sirenians, 8, 9t 
microcystins (MC), 320-321, 324t 
okadaic acid (OA), 320, 321 
overview, 319-320 
saxitoxins (STXs), 320, 321, 322 
Bisgaardia genomospecies, 376 
Bisgaardia hudsonensis, 376 
Black bear (Ursus americanis), 995 
Blainville’s beaked whale (Mesoplodon 
densirostris), 271t, 344t, 346, 429t 
Blastocyst reactivation, in pinnipeds, 
173-174 
Blastomyces dermatitidis, 389, 403t, 413, 
414, 416, 918 
Blastomyces spp., 414 
Blastomycosis, 414, 995 
Blepharoptosis, 892 
Blepharospasm, 322 
Blood 
flow redistribution, dive responses, 
82-83 
gas measurements, 574 
sample collection and handling, 138 
Blood parameters 
bearded seal, 1012t 
beluga whale, 1006t 
Bottlenose Dolphin, 1003t-1004t 
fur seal, 1018t 
harbor seal, 1009t 


Hawaiian monk seal, 1016t 
large cetacean, 1008t 
mixed phocid, 1011t 
northern elephant seal, 1010t 
ribbon seal, 1013t 
ringed seal, 1014t 
sea lion, 1017t 
sea otter and polar bear, 1021t 
Sirenia, 1019t 
small cetacean, 1007t 
spotted seal, 1015t 
walrus, 1020t 
Blood sampling, 828, 853, 854, 938, 954, 
975 
Blood values, 1031 
Blow, sample collection and handling, 139 
Blowhole sampling, 877 
Blubber, 700, 701 
biopsies, 827-828 
hormones 
minke whales (Balaenoptera 
acutorostrata), 842 
layer, necropsy examination, 252 
sample collection and handling, 139 
Bluespotted ribbontail ray (Jaeniura 
lymma), 374 
Blue whales (Balaenoptera musculus), 232, 
271t, 297, 298, 351, 430t, 434t, 
437t, 447t, 448t, 450, 838 
gestation and lactation, 706 
VHF tags, 778 
B lymphocytes, 211, 219 
B-Methylamino-L-alanine (BMAA), 320t, 321 
Boat collisions, 278 
Body examination, 875 
Bolbosoma balanae, 480 
Bolbosoma capitatum, 480 
Bolbosoma spp., 477t 
Bone marrow, 130 
Bone marrow mononuclear cells (BMMC), 
210 
Bordatella bronchiseptica, 917 
Boto Unia geoffrensis), 273t 
Bottle-feeding, 740 
Bottlenose dolphin coronavirus (BdCoV), 
341 
Bottlenose dolphins (7ursiops truncatus), 
4, 22, 52, 70, 81, 90, 139, 158, 
178, 261, 268, 269t, 272t-273t, 
276, 280, 281, 282, 283, 284, 301, 
303, 305, 306, 307, 321, 324t, 
332, 337, 341, 344t, 349f, 352, 
353, 369, 376, 390, 391t-393t, 
394t-395t, 396t-397t, 398t-400t, 
402t, 403t, 404t, 405t, 406t, 407t, 
408t, 409t, 410t, 411t, 418t, 429t, 
434t, 438t, 443t, 446t, 447t, 448t, 
450, 455, 459, 483, 547, 563, 
700-701, 764, 844, 888, 892, 894, 
1003t-1004t, 1005t, 1023 


blood collection, 828 
corpora albicantia and asymmetry of 
ovulation, 184 
estrogens concentrations, 188 
estrous cycle and ovarian physiology, 
181, 182f, 183f 
feeding frequency and daily 
requirements, 740 
food fish, daily fluid volume, 896 
freeze branding in, 778 
GEI, 715 
health assessments, 220-221, 814 
immune system, 209-210 
induction of parturition, 189 
iron overload, 903 
male seasonality, 191 
NSAID meloxicam, 899 
phagocytosis in, 217, 218f 
pregnancy in, 185, 186f 
pseudopregnancy in, 185 
reproductive cycle (female), 179 
reproductive maturity and senescence, 178 
respiratory burst in, 218, 218f 
sexual maturity (male), 189, 190t 
steatohepatitis, fatty liver disease, 
903-904 
Bottlenose dolphins (Jursiops truncatus) 
in capture-release studies, health 
assessment, 823-831 
animal monitoring: subtle and not-so- 
subtle clinical signs, 825-826 
deep water vs. shallow water capture 
techniques, 824-826 
emergency preparedness, 826 
history, 823-824 
initial handling and evaluation, 825 
Internal Animal Care and Use 
Committee (ACUC) and 
permitting requirements, 824 
preprocedure veterinary briefing with 
the health assessment team, 824 
veterinary field procedures, 826-831 
additional routine biological sample 
collection, 827 
auditory evoked potential (AEP), 830 
blood collection, 826-827 
blubber biopsies, 827-828 
diagnostic ultrasound, 830 
exhaled breath collection and 
analysis, 831 
health grades and prognosis scores, 
831 
radiographic techniques for age 
estimation, 830 
tooth extraction for age estimation, 
829-830 
urine collection, 827 
Botu Unia geoffrensis), 1023 
Botulism, 55 
Bovine papilloma virus (BPV), 352 
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Bovine respiratory disease complex 
(BRDO), 337 
Bowhead whales (Balaena mysticetus), 201, 
269t, 271t, 276, 279, 297-298, 308, 
321, 348, 371, 444t, 446t, 447t, 
448t, 449, 483, 1023 
aerial photogrammetry and health 
assessment, 840 
Brachiaria mutica (grass) 
heat increment of feeding, 711 
Brachycladidae, 476t 
Brachycladium spp., 476t 
Bradycardia, 79, 590 
and cardiac output, 80-82, 80f 
Braunina spp., 477t, 479 
Brauninidae, 477t 
Brevetoxicosis, sirenians, 959 
Brevetoxins (PbTxs), 8, 320, 321, 322 
diagnosis, 323 
manatees with, 324 
Bridge, 873; see also Medical training of 
cetaceans/pinnipeds 
Bristol Myers, 419 
Bronchitis, 335, 337, 339, 475 
Bronchoalveolar lavage (BAL), 556 
Bronchopneumonia, 485 
Bronchoscopy, 555, 893 
Brown bear (Ursus arctos), 989 
Brucella ceti, 53, 373 
Brucella melitensis, 374 
Brucella pinnipedialis, 53, 373, 374 
Brucella spp., 280, 281, 367, 368, 369t, 371, 
373-374, 459, 485 
infections, 53 
Brucellosis, Brucella spp. and, 373-374 
Bryde’s whale (Balaenoptera edeni), 280, 
373 
BUN-to-creatinine ratio, 897 
Buoyancy, 892 
abnormalities, 952 
challenged wild cetacean, 898 
FL manatee with neoprene floatation 
device, 958 
poor control, 958 
Buprenorphine SR, 608t 
Burmeister’s porpoises (Phocoena 
spinipinnis), 348, 349f, 351f, 352 
Burrunan dolphins (ursiops australis), 71, 
307 
Butorphanol, 324, 584, 595 


Cc 


Calanus finmarchicus, 843 
Calculi, in kidneys, 282-283 
Caliciviruses, 49-50, 341-343, 911 
clinical signs, 342 
diagnosis, 342-343 
epidemiology, 343 
host range, 341 


noroviruses 
diagnosis, 343 
epidemiology, 343 
public health significance, 343 
virology, 342 
pathology, 342 
in pinnipeds and cetaceans, 981 
public health significance, 343 
San Miguel sea lion virus, 911 
sapoviruses 
virology, 342 
in seal, 911 
sea otter, 981 
therapy, 342 
vesiviruses 
diagnosis, 342-343 
epidemiology, 343 
public health significance, 343 
virology, 342 
virology, 342 
walruses, potential disease agents, 940 
California sea lions (Zalophus 
californianus), 7, 21, 50, 80, 90, 
92, 96f-100f, 172, 233, 267, 268, 
270t, 273t-275t, 275-276, 280, 
281, 282, 283, 284, 303, 304, 321, 
322, 323, 324, 325, 333, 341, 342, 
343, 345, 346, 347, 349f, 350, 351, 
353, 354t, 369, 370, 371, 374, 379, 
390, 400t, 402t, 403t, 404t, 411t, 
418t, 428t, 433, 434t, 435t, 437t, 
438t, 444t, 446t, 447t, 447, 483, 
484, 542, 554, 698, 739, 746, 815, 
878, 909, 913, 914, 922, 923, 924, 
1017t, 1023 
Dalton Rototags for, 774 
diazepam for postpartum of, 740 
effect-driven assessment using a case— 
control study design, cancer in, 
819-820 
fasting and starvation, 717 
formulas for, 746 
GEI, 715 
Life History Transmitter (LHX tag) in, 
777 
molt, 718 
physical examination, 852 
with satellite tag transmitters, 922 
vitamin E deficiency, 724 
Callorhinus ursinus, see Northern fur seal 
(Callorhinus ursinus) 
Campula spp., 476t, 479 
Campylobacter insulaenigrae, 372 
Campylobacter jejuni, 358, 372 
Campylobacter spp., 372, 457 
Canadian Council on Animal Care (CCAC 
1993), 757 
Candida albicans, 396t, 412, 413, 912, 995 
Candida glabrata, 337, 397t, 413, 414, 
417, 419 


Candida krusei, 397t, 417 
Candida parapsilosis, 413-414 
Candida spp., 389, 390, 396t-400t, 412, 
413, 415, 416, 419 
Candida tropicalis, 413-414 
Candidemia, 419 
Canine distemper virus (CDV), 334, 
335, 336, 337, 917; see also 
Morbilliviruses 
Canine neuromuscular disease, 433 
Canine trabecular bone powder, 924 
Cape fur seal (Arctocephlus pusillus), 428t 
Capelin (Mallotus villosus), 910 
Capelin diet (Mallotus villosus) 
fecal and urinary energy losses, 709-710 
Capillaria spp., 487 
Capillary refill time (CRT) test, 897 
Capnometers, 590 
Captive display, animal well-being and, 70 
Captive dugong (Dugong dugon), 371, 
442, 444t, 475; see also Dugongs 
(Dugong dugon) 
Captive manatees (Trichechus manatus 
latirostris), 763; see also Manatees 
Captive sea lions, 268; see also Sea lions 
Capture activities; see also Sirenia 
dugongs (Dugong dugon), 865 
manatees, 858, 858b 
Capture myopathy, 160 
Carbon-containing by-products, 762 
Carbon dioxide, 685 
Carcass condition, classification of, 250, 252t 
Carcass disposal, 688-689, see also 
Euthanasia 
Carcharodon carcharias (great white), 277 
Cardiac output, 79 
bradycardia and, 80-82, 80f 
Cardiomyopathy, 284 
Cardiovascular system, noninfectious 
diseases, 283-284 
Carfentanil, 594, 599, 684 
Carmine red dye, 749 
Carotenoids, 534 
Caspian seals (Pusa caspica), 333, 437t, 
443t, 480, 917 
Caspofungin, 419, 420 
Castration 
in pinnipeds, 176-177 
Cataract, 530 
in pinnipeds, 920 
treatment, 530 
Catastrophic cyclic molting, 112 
Catecholamines, 156, 678 
stress response and, 158 
Caudal maxillary teeth, 511 
Caval sphincter 
gross anatomy of, 115 
CD16, 218 
CD56, 218 
cDNA, see Complementary DNA (cDNA) 
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cDNA-EST complex, 238 
Cefovecin, 608t 
Ceftazidime, 608t 
Ceftiofur, 608t 
Cell culture, parasite isolation via, 453, 454 
Cell lines, immortalized, 223 
Center for Coastal Studies (CCS), 38 
Central blindness, 322 
Central nervous system (CNS) disease, 455 
Centrilobular hepatocellular lipid 
accumulation, 282 
Cephalorbynchus commersoni 
(Commerson’s dolphin), 418t, 
1007t; see also Cetaceans 
Cephalorhynchus hbectori (Hectot’s 
dolphin), 348, 349f, 430t 
Cephalosporins, 369, 375, 611 
Cerebral infarction/edema, 284 
Cestoda (tapeworms), 473, 477t, 479-480, 
488t 
Cetaceans, 740-742, 1036-1085; see also 
Anesthesia; Medical training of 
cetaceans/pinnipeds; specific 
species 
analgesia, 576 
anatomic/physiologic considerations, 
509 
anatomy of eyes, 517-518 
biotoxicosis, 324 
blood inflammatory, 899 
blood parameters 
large, 1008t 
small, 1007t 
blowhole, 450 
calicivirus (CCV), 342 
DA on, 322, 324t 
dehydrated, 897 
delivery methods and techniques, 740 
drug dosages for, 614t-633t 
environmental diseases in captive, 764 
Erysipelothrix rhusiopathiae, 377 
feeding frequency and daily 
requirements, 740 
fluid therapy, 896-897 
food fish, sensory characteristics of, 889 
vitamins B9 and C, 889 
food fish for, 896 
gestation and lactation, 706 
gross anatomy, see Gross anatomy 
hand-rearing formulas, 741t 
helminth and parasitic arthropods, 
477t-479t, 479 
herpesviruses, 344t 
husbandry, 887-889 
husbandry training, 888 
medical facilities, 888 
nutrition, 888-889 
immediate care, 898 
inhalation anesthesia, 573-574 
intervention, 895 


intubation, 573 
lesions in, 373 
lower jaws of, 123 
managing inappetence, 897 
managing weight loss, 897 
mass strandings and UMEs affecting, 
4-6, 5t-6t 
mastitis and endometritis in, 373 
medications, 895 
preventative program, 890 
microanatomy of integument, 111-112 
microscopic anatomy, see Microscopic 
anatomy 
monitoring, 574 
monitoring health, 740-741 
morbillivirus (CeMV), 333, 334, 
335f, 336, 337, 390; see also 
Morbilliviruses 
musculoskeletal system, 113 
mycobacterial disease, 377 
neutrophils, 894 
nocardiosis, 380 
oil effects on, 22-23, 23f 
ophthalmic diseases of 
antimicrobial therapy for corneal 
lesions, 523 
cornea, 519-523 
eyelids, 518-519 
fundus, 524 
glaucoma, 524 
immunomodulatory therapy for 
keratopathy, 523-524 
lens, 524 
other practical information, 743 
pain management, 898-899 
pasteurellosis, 376 
peripheral vascular clinical access in, 
123, 126 
physical restraint, 569-570 
physiology, 518 
pool and exhibit design, 757-758 
poxvirus (CPV), 333, 348 
proposed tolerance, 299 
pulmonary abscesses in, 370 
purulent infections, 898 
recovery, 575-576 
reproductive organs of, 373 
respiratory anatomy of, 370 
respiratory disease, 899 
routes of administration, 895-896 
sedation, 570, 571t-572t 
skin 
intramuscular (IM) injection, 895 
intravenous (IV) injection, 895 
slow-healing ulcers and abscesses in, 
371 
sonar or blast injuries in, 6 
steatohepatitis, fatty liver disease, 
903-904 
steroids, 897 


support, 574-575 
surgery, 898 
taxon-specific blood references, 1023 
taxon-specific considerations, 801-806 
thermoregulation, 700-701 
treatment, 334 
ultrasonography, 546, 546t 
vascular access, 570, 573 
weaning, 741-743 
Cetacean reproduction, 178-199 
artificial insemination, 194-199 
follicular development and ovulation, 
induction of, 196-197 
future applications, 198-199 
manipulation and control of 
ovulation, 196 
postmortem sperm rescue and 
cryopreservation, 195-196, 196f 
semen collection, storage, and 
cryopreservation, 194-195, 195t 
with sex-selected sperm, 197-198, 198t 
synchronization of ovulation, 197 
techniques, 197, 198t 
contraception and control of aggression, 
192 
female, 178-189 
contraception and control of 
aggression, 192 
corpora albicantia and asymmetry of 
ovulation, 184 
estrous cycle and ovarian physiology, 
181-184, 182f-183f 
induction of parturition or abortion, 
189 
parturition, 187-188, 188t 
pregnancy, 185-186, 186f 
pregnancy diagnosis, 186-187, 187f 
pseudopregnancy, 184-185 
reproductive cycle, 179-181, 180t 
reproductive maturity and 
senescence, 178 
suckling or lactational suppression of 
estrus, 184 
male, 189-192 
contraception and control of 
aggression, 192 
seasonality, 191-192 
sexual maturity, 189, 190t 
reproductive abnormalities, 193-194, 193f 
cystic follicles, 193, 193f 
dystocia and stillbirth, 193-194 
twinning, 194 
Cetitrema, 476t 
Chagas disease, 444 
Chain saws, 254 
Character, as leadership trait, 65b 
Charisma, as leadership trait, 65b 
Charles Bakaly case, 73b 
Chelonibia spp., 478t 
Chemical filtration, 760-761 
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Chemical methods of euthanasia, 680-682; 
see also Drugs for euthanasia 
Chemical moderation of behavior, for 
whale disentanglement, 42-43, 43f 
Chemical plasticizers, 307-308 
Chevron bones, 129 
Chilomastix spp., 447t, 449 
Chiloscyllium plagiosum (whitespotted 
bamboo sharks), 764 
Chiorchis spp., 476t 
Chipapillomavirus spp., 351 
Chloramines, 763, 764 
Chlordane, 303, 305 
Chlorhexidine, 396t 
Chlorhexidine scrubs 
skin wounds, 913 
Cholelithiasis, 282 
Cholestyramine, 324 
Chordopoxvirinae, 348 
Chromoblastomycosis, 419 
Chronic pleuritis, 377 
Chronic stress response, 162; see also Stress 
response 
Chukchi Sea, 936 
Ciguatoxins, 7, 320t 
Ciliates, 447t-448t, 450 
Ciprofloxacin, 608t 
Circovirus, 355t 
Circulatory structures 
anatomic considerations, 121-122, 118f, 
123f, 124f 
Cirripedia, 478t—479t 
Cistophora cristata (hooded seals), 11, 333, 
345t, 372, 373, 427t, 444t, 912, 
1011t, 1024 
gestation and lactation, 705 
Citrobacter spp., 369 
Cladorchiidae, 476t 
Clams (Spisula solidissima) 
fecal and urinary energy losses, 709 
Clarias gariepinus (Nile catfish), 374 
Classification, of carcass condition, 250, 252t 
Classification, toxicants, 299-306 
antioxidants, 299 
elements, 299 
mercury and selenium, toxicant and 
nutrient interaction, 299-301 
MTs and mercury, 301-306 
critical cohort exposure, 302 
histology, 301-302 
immunotoxicity, 301 
methyl mercuric chloride, in vivo 
dosing with, 302 
OC, on immunocompetence and 
epizootics, 304-305 
OC, on reproduction and some 
endocrine systems, 304 
OC pesticides and metabolites, 
303-304 
organohalogens, 302-303 


organohalogens, other, 305-306 
PCBs, 303 
Clavulanate, 416 
Clavulanic acid, 396t 
Cleaning 
of oiled wildlife, 29-30 
oil spills and, 29-30 
techniques, 30 
Climate change, protozoan parasite 
infection, 460 
Clindamycin, 376, 455 
Clinical chemistry, protozoan parasites, 
diagnosis, 451 
Clinical diagnostic features, fungal 
infections, 414-415 
Clinical signs/presentations 
adenoviruses, 353 
caliciviruses, 342 
coronaviruses (CoVs), 341 
HABs, 322 
herpesviruses, 346 
influenza viruses, 338, 339f 
morbilliviruses, 334, 335f 
mycotic diseases, 414 
papillomaviruses, 351-352 
parainfluenza viruses, 337 
poxviruses, 348-349 
protozoan parasites, 451 
Close-range techniques, hazing, 25 
Clostiridium botulinum, 55 
Clostiridium botulinum type E, 55 
Clostridial enterotoxemia, 372 
Clostridium difficile, 457 
Clostridium perfringens, 369, 372, 912, 914, 
995 
Clostridium spp., 49, 54 
Clotrimazole, 393t, 402t 
Coccidians, 433 
Coccidioides immitis, 389, 403t-404t, 414, 
915, 918 
Coccidioides posadasti, 389, 414 
Coccidioides spp., 389, 414, 416 
Coccioidomycosis, 414 
Cold stress syndrome (CSS), 763, 959 
in manatees (Jrichechus manatus 
latirostris), 763 
Coliform counts, 761 
Collecte Localisation Satellite (CLS), 770 
Collection, helminths and parasitic 
arthropods, 472-474 
Collection, wildlife 
decision-making process, 26 
oil spills and, 26-27 
Colorimetric assays, protozoan parasites, 
diagnosis, 451 
Colostrum via gavage, 742 
Coma, 320 
Commerson’s dolphins (Cephalorhynchus 
commersonii), 418t, 895, 1007t 
Common brachiocephalic vein (CBV), 574 


Common dolphins (Delphinus delphis), 
269t, 272t, 303, 321, 371, 429t, 
438t, 442, 444t, 446t, 447t, 450, 
701, 1007t, 1023; see also Dolphins 
(Delphinus delphis) 
feeding frequency and daily 
requirements, 740 
Common sense, as leadership trait, 65b 
Communication 
ethics and, 72 
media/public communication, 
exercises to prepare for, 74b 
preparing for testimony as a witness, 
74b 
sins in, 74b 
as leadership trait, 65b 
Competency, as leadership trait, 65b 
Complementary DNA (CDNA), 237-238 
subtraction method, 237 
Complement fixation (CF) methods, 416 
Complement system, 214 
Comprehensive R Archive Network (CRAN), 
773 
Computed radiography (CR), 539 
Computed radiology (CR), 509 
Computed tomography (CT), 541-542; 
see also Diagnostic imaging 
Conchoderma spp., 479t 
Conductivity sensors, 768 
Confusion, 320 
Congenital defects, in marine mammals, 
268, 269t-270t 
Congenitally missing teeth (CMT), 503 
Conjunctivitis, 338, 339f, 340, 475 
Constipation, 611 
Consumption, zoonoses transmission 
through, 48-49 
Contaminants in marine mammal, 306-307 
degree of exposure, 308 
necropsy, 262-263 
trophic transfer of, 308-309 
variation, 309 
Contracaecum osculatum, 482 
Contracaecum spp., 477t, 482 
Contraception 
in cetaceans 
females, 192 
males, 192 
in pinnipeds, 176 
Contraceptives 
pinnipeds, 176 
Contrast radiographic studies, 540 
Convention on International Trade in 
Endangered Species (CITES), 70, 799 
Convention on International Trade in 
Endangered Species of Wild Fauna 
and Flora (CITES), 250 
Conviction, as leadership trait, 65b 
Cookie-cutter sharks Usistius brasiliensis), 
276-277 


1094 Index 


Copepoda, 479t 
Coriconazole, 392t 
Cornea 
cetaceans, 519-523 
Corneal lesions, antimicrobial therapy for, 
523 
Corneal repair procedures, 532 
Coronaviruses (CoVs) 
clinical signs, 341 
diagnosis, 341 
epidemiology, 341 
host range, 341 
pathology, 341 
public health significance, 341 
therapy, 341 
virology, 341 
Coronula spp., 479t 
Corpora albicantia (CA) 
cetaceans, 184 
Corpus luteum (CL), 170, 172 
Corticosteroids, 283, 412, 413 
Corticosterone, 158 
Corticotropin-releasing hormone (CRH), 156 
Cortisol, 140-141, 158 
stress response and, 158-159 
Corynebacterium pseudotuberculosis, 371 
Corynebacterium pyogenes, 367 
Corynebacterium spp., 369, 371, 917 
Corynosoma enhydri, 480 
Corynosoma spp., 477t, 480 
Corynosoma sirumosum, 480 
Cotrimoxazole, 455 
Coughing, 377, 378 
Courage, as leadership trait, 65b 
Coxiella burnetti, 981 
infections, 54 
Crabeater seals (Lobodon carcinophagus), 
443t, 1024 
fecal and urinary energy losses, 709 
Crandell feline kidney (CrFK) cells, 332, 347 
Crassicauda boopis, 483 
Crassicauda giliakiana, 483 
Crassicauda grampicola, 483 
Crassicauda spp., 472, 474, 477t, 482-483, 
487 
C-reactive protein (CRP), 213 
Creativity, as leadership trait, 65b 
Crenosomatidae, 478t 
Cresemba, 419 
Critical cohort exposure, 302 
CRITTERCAM®, 768 
Crude oils, 20; see also Oil spills 
Cryopreservation 
artificial insemination in cetaceans, 
194-195, 195t 
postmortem sperm rescue and, 195-196, 
196f 
Cryptobia spp., 442, 447t, 449 
Cryptococcus albidus, 400t 
Cryptococcus gatti, 400t—401t, 414 


Cryptococcus neoformans, 377, 412, 413, 
414 
Cryptococcus spp., 389, 412, 419 
Cryptocotyle spp., 476t 
Cryptosporidium muris, 442 
Cryptosporidium parvum, 442 
Cryptosporidium spp., 426, 442, 443t-444t, 
454, 457, 459 
infections, 56 
CT scan, 880 
Cunninghamella bertholettiae, 390, 
406t-407t 
Cunninghamella elegans, 395t 
Cunninghamella spp., 389, 413 
Curiosity, as leadership trait, 65b 
Cutaneous pox lesions, 900 
Cuvier’s beaked whale (Ziphius cavirostris), 
344t, 346, 309 
Cyamids, 488 
Cyamus spp., 478t 
Cyano-acrylic adhesives, 776 
Cyanotoxins, diagnosis, 323 
Cyclosporine, 412 
Cyptosporidium spp., 844 
Cystic follicles 
in cetaceans, 193, 193f 
luteinized, 193 
Cystofilobasidiales infection, 912 
Cystofilobasidiales spp., 402t 
Cystoisospora belli, 441 
Cystoisospora canis, 441 
Cystoisospora felis, 441 
Cystoisospora spp., 440, 441, 443t-444t, 455, 
457 
Cystophora cristata (hooded seal), 11, 
1011t, 1024 
Cytochrome P4501A1 expression, 844 
Cytochrome P450 system, 299 
Cytokines, 154, 214-216, 215t-216t 
anti-inflammatory, 215-216 
proinflammatory, 214-215 
Cytotoxic T lymphocytes (CTL), 219 


D 


Daily energy expenditures (DEE), 696, 
713-714 
Dall’s porpoises (Phocoenoides dalli), 22, 
304, 338, 390, 401t, 1024 
Dalton Rototags 
for California sea lions (Zalophus 
californianus), 774 
Dasyatis spp., 277 
Data, necropsy examinations and specimen 
collection, 251-252 
Data collection 
stranding response, 8-9 
whale entanglement response, 41 
DDT, 303, 304, 305 
Death, verification of, 688 


Debriefing 
whale entanglement response, 42 
Decision-making 
ethical, 65-67 
Charles Bakaly case, 73b 
complex, roadmap for, 67 
postdecision resolution, 67 
process of, 66-67 
process, wildlife recovery during oil 
spills and, 26-27 
Decomposition, necropsy examinations and 
specimen collection, 252 
Decompression sickness (DCS), 256, 258 
Deepwater horizon oil spill, 281, 282, 283 
assessment of injury to bottlenose 
dolphins after the, 817-818 
Definitive/final host, defined, 474 
Dehydration, 379, 677 
Delayed implantation, in pinnipeds, 
173-174 
Delayed-type hypersensitivity (DTH), 219-220 
Delphinapterus leucas, see Beluga 
whales Delphinapterus leucas); 
Cetaceans 
Delphinicola spp., 476t 
Delphinidae, 178, 486t, 504 
Delphinids, free-living, 281 
Delphinus capensis Jong-beaked common 
dolphin), 447t, 483 
Delphinus delpbis (common dolphins), 
269t, 272t, 303, 321, 371, 429t, 
438t, 442, 444t, 446t, 447t, 450, 
1007t, 1023; see also Dolphins 
(Delphinus delphis) 
Demethylase inhibitors (DMIs), 390 
Demodex spp., 487 
Dentistry 
anatomical descriptions/dental formulas, 
501-503, 504t 
digital intraoral radiology 
equipment, 509 
positioning rules, 509-511, 509b 
radiographic interpretation, 512-513 
diseases 
about, 503 
missing teeth, 503-504 
periodontal disease, 504, 505b 
supernumerary (extra) teeth, 504 
tooth fractures, 506, 506b 
tooth resorption (TR), 504, 505b 
fractured teeth, treatments for 
endodontics, 513 
exodontics, 513-515 
oral examination, 506-509 
Department of Fisheries and Oceans 
(Canada), 250 
Depression, 354t, 379 
Dermal effects, 612 
Dermal hold-fast technique, 865 
Dermatitis, 377 
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Dermatological disease, bacterial infections 
and, 370-371 
Dermatophilus congolensis, 371, 995 
Dermatophilus spp., 371 
Dermatophyte spp., 401t, 414 
Desensitization 
importance of, 872 
of needle insertion, 880 
of pregnant cetaceans, 881 
radiography, 880 
routine medical behaviors and, 875 
steps, 878 
veterinarian and, 872 
Dexamethasone, 324 
administration, 613 
for hydration, 897 
Dexmedetomidine, 595 
Diagnosis 
adenoviruses, 355 
caliciviruses, 342-343 
chronic pulmonary aspergillosis, 416 
coronaviruses (CoVs), 341 
environmental toxicology, 298-299 
fungal infections, 391t-411t 
HAB toxins, 322-324 
brevetoxicosis, 323 
cyanotoxins, 323 
DA toxicosis, 323 
overview, 322-323 
herpesviruses, 347 
influenza viruses, 339 
leptospirosis, 379 
molecular, viruses, 333 
molecular and serological, 415-416 
morbilliviruses, 336 
nocardiosis, 380 
noroviruses, 343 
papillomaviruses, 352 
parainfluenza viruses, 337 
poxviruses, 350 
protozoan parasites, 451-454 
clinical chemistry and hematology, 
451 
clinical signs, 451 
fecal smears, wet mounts, fecal 
flotation, and immunofluorescent 
staining, 452-453 
histopathology, 453, 454 
immunohistochemistry, 454 
parasite isolation via cell culture and 
mouse bioassay, 453, 454 
PCR testing, 454 
physical examination, 451 
serology, 451-452 
TEM, 454 
vesiviruses, 342-343 
Diagnostic imaging 
computed tomography (CT), 541-542 
DICOM images/viewing software, 539 
image interpretation, 538-539 


imaging modality selection, 538, 539t 
magnetic resonance imaging (MRD), 
542-544, 543t 
overview, 537 
picture archive and communication 
systems (PACS), 538 
radiography, 539-541 
ultrasonography 
equipment/preparation, 544-545 
examination technique, 545-548 
Diaphragm 
gross anatomy of structures, see Gross 
anatomy 
microscopic anatomy of structures, see 
Microscopic anatomy 
as a separator of body cavities, 113 
Diarrhea, 320, 346, 353, 354t, 419 
in cetacean, 891 
Diarrhetic shellfish poisoning (DSP), 320 
Diazepam, 595, 740, 744 
Dichlorodiphenyltrichloroethane (DDT), 
914 
Dichlorofluorescein diacetate (DCFDA), 218 
Diclazuril, 455 
Dicofol, 303 
DICOM images/viewing software, 539, 
see also Diagnostic imaging 
Didelphis albiventris, 433 
Didelphis virginiana, 433 
Dieldrin, 303 
Dientamoeba fragilis, 450 
Diet, protozoan parasite infection, risk 
factor, 458-459 
Dietary fatty acids, 903 
Differential blood cell count 
hematology/serum chemistry, 894-895 
Diflucan, 417 
Digeneans, 473, 475-479, 488t 
cetacea, 477t-479t, 479 
pinnipeds, 475, 476t-478t, 479 
sea otters, 475 
sirenians, 475, 476t—478t 
Digestibility (DMD), 708-709, 711 
Digestive system 
gross anatomy of, 116-117 
microscopic anatomy of, 119-120 
noninfectious diseases, 281-282 
Digital intraoral radiology; see also 
Dentistry 
equipment, 509 
positioning rules, 509-511, 509b 
radiographic interpretation, 512-513 
Digital photography, 855 
Digital radiography (DR), 509, 539 
Digital single-lens reflex (DSLR) camera, 
253-254 
Digital veterinary dental radiology (DVDR), 
509 
Dihydrostreptomycin, 610, 612 
Dimethyl sulfoxide (DMSO), 405t 


Dimorphic (endemic) fungi, 414 
Dinophysis ovum, 321 
Dinopbysis spp., 320t 
Dinophysistoxins (DTX), 320 
3,3'-dioctadecyloxarbocyanine perchlorate 
(DiO), 218 
Dioctophyme renale, 487 
Dioxins, in cetacean liver disease, 900 
Diphyllobothriidae, 477t, 479 
Diphyllobothrium spp., 477t, 480, 915 
Dipbyllobotrium spp., 844 
Diplogonoporus spp., 477t, 480 
Direct agglutination (DAT), 451 
Direct contact with marine mammals, 
zoonoses transmission through, 48 
Direct radiology (DR), 539 
Dirofilaria immitis, 483 
Discriminative stimulus (SD), 873; see also 
Medical training of cetaceans/ 
pinnipeds 
Disease outcome, protozoan parasite 
infection, 459-460 
Disease susceptibility, inbreeding and, 
233-234 
Diskospondylitis, 280 
Disorientation, 320 
Dissection, necropsy examinations and 
specimen collection, 254-255 
Disseminated blastomycosis, 915 
Disseminated intravascular coagulation 
(DIC), 485, 918 
Dissociative anesthetics, 594 
Dissolved organic carbon (DOC), 760 
Distemper viruses, see Morbilliviruses 
Dive responses, 79-84 
blood flow redistribution, 82-83 
bradycardia and cardiac output, 80-82, 
80f 
described, 79-80 
dive times, 80 
endocrine regulation of, 146 
oxygen economy and, 83-84, 83f 
physiological control of 
hormonal regulation, 84 
nervous system control, 84 
Dive times, 80 
Dizziness, 320 
DNA microarray, 223 
Documentation 
whale entanglement response, 42 
Dolichospermum spp., 320t 
Dolphin (Zursiops truncatus), 764 
Dolphin morbillivirus (DMV), 333, 
334, 335, 336, 337; see also 
Morbilliviruses 
Dolphins (Delphinus delphis), 71 
blood collection, 828 
circulatory structures, general 
morphology, 122 
diazepam for postpartum of, 740 
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external features, 90, 111, 91f-95f 
oil effects on, 22-23, 23f 
oral squamous cell carcinoma, 268 
Domoic acid (DA), 7, 320, 321, 322, 725, 
843 
exposure, in seal, 921 
toxicosis, 283 
California Sea Lions with, 324 
diagnosis, 323 
Doppler fetal heart rate monitor, 867 
Dorsoventral projections, 540 
Dose scaling, 609 
environmental toxicology, 298 
Dosing, in vivo, with methyl mercuric 
chloride, 302 
Double-tagging, 774-775; see also Tag 
technology and attachment 
Doxapram, 583, 591, 595, 597 
Doxycycline, 268, 376, 523, 608t 
Drug dosages 
for Cetaceans, 614t-633t 
for Pinnipeds, 634t-654t 
for Polar Bears (Ursus maritimus), 
664t-666t 
for Sea Otters (Enhydra lutris), 
658t-663t 
for Sirenians, 655t—657t 
Drugs 
for euthanasia; see also Euthanasia 
barbiturates, 683-684 
etorphine, 684 
inhalants, 685 
paralytic agents, 685 
potassium chloride (KCI, 684-685 
t-63, 684 
for marine mammals, 608t 
Dugongs (Dugong dugon), 8, 261, 442, 
444t, 865-868, 867t, 1019t, 1024 
captive dugong, 371, 442, 444t, 475 
vitamin E deficiency, 724 
Dugongs (Dugong dugon), health 
assessment of, see also Sirenia 
capture/restraint, 805 
clinical monitoring/sampling 
about, 865-867 
respiratory/cardiovascular function, 
867-868, 867t 
temperature, 867 
Dusky dolphin Zagenorbynchus obscurus), 
71, 272t, 283, 336, 447t, 450 
Dwarf sperm whales (Kogia sima), 284, 
344t, 446t 
Dyodeltapapillomavirus, 351 
Dysbaric osteonecrosis, 259 
Dysmetabolic iron overload syndrome 
(DIOS), 903 
Dyspnea, 346, 354t 
Dystocia, 283 
in cetaceans, 193-194 
in pinnipeds, 177 


E 


Eastern Equine encephalitis (EEE) virus, 921 
Echinocandins, 419, 420 
Echinophthirius horridus, 483, 487, 912, 918 
Echinophthirius spp., 478t 
Echinostomatidae, 477t 
Echocardiography, 545 
Ecological factors 
mass strandings and UMEs due to 
affecting cetaceans, 6t 
affecting pinnipeds, 7, 7t 
affecting sea otters, 8, 8t 
affecting sirenians, 8, 9t 
Ecophysiologic considerations, 308-309 
Ectoparasites, 487-488 
Edema, cerebral, 284 
Edrophonium, 573 
Edwardsiella spp., 369, 371 
infections, 54 
Edwardsiella tarda, 54, 372 
EID, see Emerging infectious disease (EID) 
Eimeria arctowskii, 442 
Eimeria manatus, 442 
Eimeria nodulosa, 442 
Eimeria phocae, 442 
Eimeria spp., 426, 441, 442, 443t-444t, 445, 
455, 457 
Eimeria trichechi, 442 
Eimeria weddelli, 442 
EleCare, 749 
Electrocardiogram (ECG) sensors, 582 
Elemental human infant formula (EleCare), 
957 
Elements, environmental toxicology, 299 
Elephant seals/Northern elephant seals 
(Mirounga angustirostris), 21, 50, 
90, 158, 268, 270t, 273t, 281, 282, 
284, 309, 338, 345t, 368, 369, 390, 
402t, 427t, 435t, 477t, 484, 546, 
547, 739, 852, 909, 1010t, 1024 
heat increment of feeding, 711 
molt, 717, 718 
Otostrongylus arteritis, 918 
tagging, 769 
Elephas maximus, 346 
ELISA, see Enzyme-linked immunosorbent 
assays (ELISA) 
El Nifio—Southern Oscillation CENSO), 374 
Emaciation, 281 
Embolism, gas and fat, 258-259, 278-279 
Embryonic diapaus, in pinnipeds, 173-174 
Emergencies; see also Anesthesia 
odobenids, 595 
otariids, 583-584 
phocids, 590-591 
sea otters, 599 
Sirenians, 598 
Emerging infectious disease (EID), 47; 
see also Zoonoses 


Emphysema (subcapsular gas) 
defined, 259 
dorsal—caudal interstitial, 335f 
interstitial pulmonary and subcutaneous, 
334 
obstructive, 281 
pulmonary interstitial, 281 
Encephalitis, 433 
Endangered Species Act of 1973, 20, 64 
Endemic fungi, 414 
End-lactation syndrome, 281 
Endocardiosis, valvular, 284 
Endocrine disruption, 146-147 
Endocrine systems 
noninfectious diseases, 283 
OC on, 304 
Endocrinologic factors, stress response, 
156-159, 157t 
catecholamines, 158 
glucocorticoids, 158-159 
mineralocorticoids, 159 
other hormones, 159 
thyroid hormones, 159 
Endocrinology/endocrine system, 137-147 
adipocytokines, 144 
adrenal hormones, 140-141 
diving, 146 
endocrine disruption, 146-147 
hypothalamus-pituitary, 139-140 
osmoregulatory hormones, 145-146 
overview, 137-138 
pancreas, 143-144 
pineal gland, 144-145 
sample collection and handling 
blood, 138 
blubber, 139 
feces, 138-139 
saliva and blow, 139 
urine, 139 
thyroid hormones, 141-143 
Endodontic disease, 512 
Endodontics, 513; see also Fractured teeth, 
treatments for 
Endoscopy, 880 
creative applications 
flexible, 563 
rigid, 563-564 
gastrointestinal endoscopy 
about, 559-561 
flexible, 561 
rigid, 561 
overview, 553-555 
respiratory endoscopy 
about, 555-557 
flexible, 557-558 
rigid, 558 
urogenital endoscopy 
flexible, 561-562 
rigid, 562-563 
Endosulfan, 303 
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Endotoxic shock, 369 
Endrin, 303 
Engraulis mordax (anchovy) 
fecal and urinary energy losses, 711 
Enhydra lutris, see Sea otters (Enhydra 
lutris) 
Enhydra lutris nereis (southern sea otters), 
390, 458 
Enhydra lutris papillomavirus 1 (EIPV-D, 
980 
Enilconazole, 401t 
Enrofloxacin, 376, 407t, 608t 
administration, 611 
Entamoeba histolytica, 450 
Entamoeba spp., 448t, 450, 451, 844 
Entanglements, fishing gear, 277-278 
Enteric apicomplexa, 440, 441, 442, 
4431-44 4t 
Cryptosporidium spp., 442, 443t-444t 
Cystoisospora Isospora), 440, 441, 
4431-44 4t 
Eimeria spp., 441, 442, 443t-444t, 445 
Enteric protozoa 
gross and microscopic lesions, 457 
treatment and prognosis, 455 
Enteritis, in pinnipeds, 915 
Enterococcus spp., 371 
Enterotoxemia, clostridial, 372 
Environmental considerations, 757-764 
air quality, 758 
life support (water) system design, 
759-762 
bromine, 762 
by-products of disinfection, 762 
chlorination, 761 
coliform counts, 761 
filtration, 759-761 
ozone, 762 
source water, 759 
ultraviolet light, 762 
water turnover, 761 
lighting, 758 
noise, 759 
pool and exhibit design, 757-758 
special considerations for different taxa, 
764 
water quality parameters 
ammonia, 763 
nitrite and nitrate, 763 
pH, 763 
salinity, 762-763 
temperature, 763 
Environmental diseases 
in captive cetaceans, 764 
Environmental Protection Agency (USEPA), 
310 
Environmental toxicology, 297-310 
chemical plasticizers and microplastics, 
307-308 
classes of toxicants, 299-306 


antioxidants, 299 
critical cohort exposure, 302 
elements, 299 
mercury and histology, 301-302 
mercury and immunotoxicity, 301 
mercury and selenium, toxicant and 
nutrient interaction, 299-301 
methyl mercuric chloride, in vivo 
dosing with, 302 
MTs and mercury, 301-306 
OC, on immunocompetence and 
epizootics, 304-305 
OC, on reproduction and some 
endocrine systems, 304 
OC pesticides and metabolites, 
303-304 
organohalogens, 302-303 
organohalogens, other, 305-306 
PCBs, 303 
diagnostic procedures, 298-299 
dose scaling, 298 
ecophysiologic considerations, 308-309 
hysteria vs. association vs. cause-effect, 
310 
marine mammals as “Hazmat,” 309 
One Health concept, 309-310 
overview, 297-298 
polar bear, case study, 307 
population impacts, 306-307 
population implications, 309-310 
Enzyme-linked immunosorbent assays 
(ELISA), 212-213, 323, 379, 416, 
451 
Eosinophilia, 323 
Epidemics, monitoring, genetic tools for, 
239 
Epidemiology 
adenoviruses, 355 
caliciviruses, 343 
coronaviruses (CoVs), 341 
fungi, 412-414 
dimorphic (endemic) fungi, 414 
modes of transmission, 412-413 
opportunistic fungi, 413-414 
virulence and pathogenicity, 412 
herpesviruses, 347 
influenza viruses, 339, 340 
morbilliviruses, 336-337 
noroviruses, 343 
papillomaviruses, 352-353 
parainfluenza viruses, 337 
poxviruses, 350-351 
protozoan parasite infection, 457—450 
climate and habitat change, 460 
disease outcome, 459-460 
risk factors, 458-459 
spatial distribution, 458 
transmission, 458 
vesiviruses, 343 
Epidermal lesions, 838 


Epidermophyton floccosum, 413 
Epididymides, 262 
Epigenetics, 238-239 
Epinephrine (Epi), 156, 584 
Epizootics, 4 
of morbillivirus in pinnipeds, 7 
OCs on, 304-305 
Epizootiology, 321-322 
protozoan parasite infection, 457-460 
climate and habitat change, 460 
disease outcome, 459-460 
risk factors, 458-459 
spatial distribution, 458 
transmission, 458 
Equipment, necropsy examinations and 
specimen collection, 250, 251 
Erignathus barbatus (bearded seals), 321, 
343, 427t, 434t, 437t, 439, 446t, 
1012t 
tag posts in, 775 
Erysipeloid, 52 
Erysipelothrix rhusiopathiae, 51, 369, 370, 
371, 377, 725, 838 
infection, 888 
infections of, 52 
Erythrocyte sedimentation rate (ESR) 
cetacean, hematology/serum chemistry, 
893-894 
ESBILAC, 753, 754 
Escherichia coli, 49, 337, 368, 369, 370, 371, 
372, 912, 918 
Eschrichtius robustus (gray whales), 22, 90, 
175, 280, 308, 321, 341, 409, 480, 
557, 1008t, 1023 
fasting and starvation, 717 
Estradiol, 189 
Estrogens, 170, 188 
cetaceans, 188 
in pinniped, monitoring of, 173 
therapy, 613 
Estrous cycle 
cetaceans, 181-184, 182f-183f 
beluga whales, 182f, 183f, 184 
bottlenose dolphins, 181, 182f, 183f 
false killer whale, 183 
killer whale, 181-183, 182f, 183f 
white-sided dolphin, 181, 182f, 183f 
pinnipeds, 171-172 
Etest, 417 
Ethambutol, 378 
Ethanol, 333 
Ethical decision making, 65-67 
Charles Bakaly case, 73b 
complex, roadmap for, 67 
postdecision resolution, 67 
process of, 66-67 
Ethics 
animal well-being, 67-72, 68t-69t 
captive display, 70 
interactive recreation, 70-71 
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looking forward, 72 
research, 71 
stranding response and rehabilitation, 
71-72 
Aristotle and, 64b 
defined, 64 
ethical decision making, 65-67 
Charles Bakaly case, 73b 
complex, roadmap for, 67 
postdecision resolution, 67 
process of, 66-67 
importance and role, 63-64 
leadership traits, 65b 
media and communication tips, 72, 
73b-74b 
self-awareness and, 64-65, 64b, 64f, 65b, 
66t 
word cloud, 64f 
Ethrane, 589 
Etorphine, 684; see also Drugs for 
euthanasia 
Eubalaena australis (Southern right 
whales), 348, 379 
Eubalaena glacialis (North Atlantic right 
whale), 277, 321, 444t, 446t, 570, 837 
individual energy budget, 712 
Eumetopias jubatus, see Steller sea lions 
(Eumetopias jubatus) 
Eumycetoma, 419 
European otter (Lutra lutra), 374 
Euthanasia 
animals under human care, 679 
carcass disposal, 688-689 
drugs for 
barbiturates, 683-684 
etorphine, 684 
inhalants, 685 
paralytic agents, 685 
potassium chloride (KCI, 684-685 
t-63, 684 
general considerations, 676-677 
methods 
about, 679-680 
chemical, 680-682 
overview, 674-675 
physical methods 
about, 685-686 
ballistics, 686-687 
explosives, 687-688 
exsanguination, 688 
pre-euthanasia sedation and analgesia, 
682-683 
stranded animals, 677 
stranding response and, 11 
supportive care/hospice care, 677-678 
verification of death, 688 
EVOS, see Exxon Valdez oil spill (EVOS) 
Examination, necropsy, 250-255 
classification of carcass condition, 250, 
252t 


decomposition, 252 
dissection, 254-255 
equipment checklist, 250, 251 
fetal, placental, and perinatal, 256 
logistics, 250-251, 252t 
morphometrics, 252-253 
photographs, 253-254 
protocols, data, and forms, 251-252 
Exodontics 
elevators, 513-514 
extraction forceps, 514 
extraction techniques, 514 
instrumentation and materials, 513 
luxators, 514 
magnification and lighting, 514 
sterilization of equipment, 514 
Exploratory laparoscopy, 563 
Explosives, 687-688; see also Euthanasia 
Exsanguination, 688; see also Euthanasia 
Extradural intravertebral venous sinus 
(EIV), 591 
Exxon Valdez oil spill (EVOS), 8, 19-20, 
281, 282 
effects on cetaceans, 22 
effects on pinnipeds, 21, 22 
effects on sea otters, 21 
wildlife recovery after, 26-27 
Eye examination, 875-876 
Eye lesions, in seal, 920 
Eyelids 
cetaceans, 518-519 
pinnipeds, 525 
Eyes/ears examination, after oil spill, 28 


F 


Fahrenheit vs. centigrade conversion chart, 
1033 
False killer whales (Pseudorca crassidens), 
178, 380, 428t, 448t, 450, 480, 
1008t 
estrous cycle and ovarian physiology, 
183 
male seasonality, 191 
reproductive cycle (female), 179, 181 
reproductive maturity and senescence, 
178 
vitamin E deficiency, 724 
Faredifex spp., 475, 476t 
Fasting 
urinary water losses during, 720 
Fasting and starvation, 716-717 
gray whales (Eschrichtius robustus), 717 
harp seals, 716 
Fastloc® technology, 769 
Fatal herpesviral encephalitis, 346 
Fat embolism 
marine mammal necropsy, 258-259 
syndrome, noninfectious disease, 
278-279 


Fatty liver disease, in cetacean, 903-904 
Fecal energy loss (FEL), 708-709, 711 
capelin diet (Mallotus villosus), 709-710 
Crabeater seals obodon 
carcinophagus), 709 
mullet (Wugil sp.), 711 
shrimp (Pandalus borealis), 709 
Fecal flotation, protozoan parasites, 
diagnosis, 452-453 
Fecal occult blood tests, 892 
Fecal sampling, 877-878 
Fecal smears, protozoan parasites, 
diagnosis, 452-453 
Feces, sample collection and handling, 
138-139 
Federal Emergency Management Agency 
(FEMA), 24 
Federal on-scene coordinator (FOSC), 24 
Feeding frequency and daily requirements 
cetaceans, 740 
Harbor porpoise (Phocoena phocoena), 
740 
otariids, 746 
polar bear, 754 
sea otters, 752-753 
sirenia, 749 
walruses, 747-748 
Feeding via gavage, 740 
FEMA, see Federal Emergency Management 
Agency (FEMA) 
Female cetacean reproduction, 178-189 
contraception and control of aggression, 
192 
corpora albicantia and asymmetry of 
ovulation, 184 
estrous cycle and ovarian physiology, 
181-184, 182f-183f 
induction of parturition or abortion, 189 
parturition, 187-188, 188t 
pregnancy, 185-186, 186f 
pseudopregnancy, 184-185 
reproductive cycle, 179-181, 180t 
reproductive maturity and senescence, 178 
suckling or lactational suppression of 
estrus, 184 
Female pinniped reproduction, 171-174, 171t 
concentration, 176 
embryonic diapause and reactivation, 
173-174 
estrous cycle, 171-172 
implantation and active gestation, 174 
lactation, 174 
physiology and behavior, control of, 176 
pregnancy and pseudopregnancy, 
172-173 
reproductive cycle, 171, 171t 
Fenbendazole, for cetacean, 891 
Fendendazole, 475 
Feresa attenuata (pygmy killer whale), 448t 
Ferritin, 894 
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Ferrous sulfate, 612 
Fetal examination and sampling, necropsy, 
256 
Fetal fin whales (Balaenoptera physalus) 
gestation and lactation, 705 
Fetal—placental unit, 172 
Fever, 379 
Fibrinogen, 960 
Fibrosis, valvular, 284 
Field immobilization 
odobenids, 594 
otariids, 581-582 
phocids, 589 
Field metabolic rate (FMR), 713-714 
Field stabilization techniques, 27 
Filarioidea, 478t 
Filarioids, 483-484 
Filaroides (Parafilaroides) spp., 478t, 485 
Filter-feeding mysticetes, 307 
Filtration, 759-761 
biological, 760 
chemical, 760-761 
foam fractionators, 760 
mechanical, 760 
Final host, defined, 474 
Fine-needle aspiration (FNA), 547 
Finless porpoises (Neophocoena 
phocoenoides), 370 
Fin whales (Balaenoptera physalus), 232, 
261, 269t, 271t, 308, 344t, 426, 
430t, 434t, 437t, 446t, 447t, 448t, 
483, 838 
Fishhooks, 914 
Fishing gear entanglements, 277 
Fish otter (Lutra lutra), 440 
Fish poisoning, 52 
Fish protein, 721 
“Five Domains” model, 68 
“The Five Freedoms,” 68 
Fixatives, for helminths and arthropods, 
473 
Flagellates, 442, 444-450 
Chilomastix/Hexamita spp., 447t, 449 
ciliates, 447t-448t, 450 
Giardia spp., 440t, 449 
Haematophagus megapterae, 447t, 450 
Jarellia atramenti, Jarellialike, and 
Cryptobia spp., 446t-447t, 449 
Kyaroikeus cetarius, K. cetarius— like, 
Planilamina ovata, P. magna, and 
unidentified ciliates, 447t-448t, 
450 
trichomonads, 447t, 450 
Trypanosomes (7rypanosoma and 
Leishmania spp.), 444, 446-449 
Flange placement, 781 
Flavonoids, 534 
Flexible endoscopy, 561 
Flippers, radiographs of, 262 
Flipper tags, 774 


Florfenicol, 612 
Florida manatees (Manatus latirostris 
latirostris), 321, 324, 430t, 431t, 
451 
Florida manatees (Trichechus manatus 
latirostris), 8, 90, 111, 106f-110f, 
443t, 446t, 475, 701, 763, 1019t, 
1024 
calves, 751 
cold stress syndrome in, 763 
health assessment of, 221 
Flow cytometry, 217-219, 223 
Fluconazole, 394t, 395t, 396t, 397t, 398t, 
399t, 400t, 409t, 411t, 417, 418t 
Flucytosine, 418t, 419, 610 
Fluid therapy, for cetacean, 896-897 
Flukes, see Digeneans 
Flumazenil, 584, 595 
Fluoroquinolones, 612 
antibiotics, 523 
Foam fractionators, 760 
Folitrema, 476t 
Follicle-stimulating hormone (FSH), 160, 
170 
Follicular development, in cetaceans, 
induction of, 196-197 
Food ingestion estimates from past captive 
studies, using, 714-715 
Forensic mortality investigation, 256-257 
Formalin, 254, 261, 262, 323 
Forms, necropsy examinations and 
specimen collection, 251-252 
Fossil mysticete, 269t 
Fractured teeth, treatments for; see also 
Dentistry 
endodontics, 513 
exodontics, 513-515 
Fractures, marine mammals, 280-281 
Franciscana dolphins (Pontoporia 
blainvillei), 261 
VHF tags in, 778 
Fraser’s dolphin (Lagenodelphis hosei), 281, 
336, 447t 
Free-ranging Hawaiian monk seals 
(Neomonachus schauinslandi), 
334, 375, 427t, 435t, 437t 
Freeze branding, 775 
in cetaceans, 778 
in manatees, 782 
Functional MRI (fMRD, 544 
Fundus 
cetaceans, 524 
pinnipeds, 532 
Fungal infections, 57, 389-420 
change in incidence, 390, 412 
clinical diagnostic features, 414-415 
clinical manifestations, 414 
current status, 390, 391t—411t 
diagnosis, 391t—411t 
epidemiology, 412-414 


dimorphic (endemic) fungi, 414 
modes of transmission, 412-413 
opportunistic fungi, 413-414 
virulence and pathogenicity, 412 
molecular and serodiagnostic mycology, 
415-416 
overview, 389-390 
prophylaxis, 419-420 
specific therapies, 417-419 
therapeutics, 391t-411t, 417 
Fungizone, 419 
Furosemide, 612 
Fur seals (Arctocephalus forsteri), 378; 
see also specific species 
cleaning of, 30 
hormonal profiles, 173 
postwash care, 31 
pups, molt, 718 
Fusarium oxysporum, 402t 
Fusarium solani, 402t 
Fusarium spp., 389, 395t, 402t, 413, 417, 419 


G 


Gadolinium-based (Gd) contrast medium, 
543 
Gadus morhua (Atlantic cod), 374 
Galactosomum, 476t 
Galapagos fur seals (Arctocephalus 
galapogoensis), 1023 
gestation and lactation, 706 
Galapagos sea lions (Zalophus 
californianus wollebacki), 7, 21, 
171, 172, 234, 371, 475, 476t, 1023 
gestation and lactation, 706 
PIT tags, 775 
Gambierdiscus spp., 320t 
Gamete rescue box, 196f 
Gammaherpesvirus, 268, 332, 345t, 
346-347 
Gamma Ig (IgG), 211, 212, 213 
Ganges river dolphin (Platanista 
gangetica), 283 
Gas analysis, marine mammal necropsy, 
259 
Gas bubble disease (GBD), 256, 258, 259 
Gas embolism 
marine mammal necropsy, 258-259 
syndrome, noninfectious disease, 
278-289 
Gastric foreign bodies, in pinnipeds, 924 
Gastric impaction, juvenile harp seal, 925 
Gastric sampling, 877 
Gastric ulcers, 282 
in cetacean, 894 
in seal, 915 
in sea otter, 974, 980 
in sirenian, 953 
Gastritis, 899, 915; see also Gastric ulcers 
Gastroenteritis, 51 
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Gastrointestinal disease, 916 
bacterial infections and, 372 
cetacean, 899-900 
Gastrointestinal distress, 320 
Gastrointestinal (GD effects, 511 
Gastrointestinal (GI) endoscopy; see also 
Endoscopy 
about, 559-561 
flexible, 552 
rigid, 561 
Gastrointestinal examination, after oil spill, 28 
Gastroscopy, 880 
Gating, 874-875 
Gene expression studies, 237-238 
General oil toxicity, 20 
General Packet Radio Service (GPRS), 771 
Genetics, 231-240 
genes involved with immune responses 
and health, 231-233 
inbreeding and disease susceptibility, 
233-234 
marine mammal necropsy, 259-260 
overview, 231 
scope, pitfalls, and limitations, 269-240 
tools and techniques, 234 
AFLPs, 235 
detection pathogen and epidemics 
monitoring, 239 
epigenetic analysis, 238-239 
gene expression studies, 237-238 
MHC genotyping and polymorphism 
screening, 236 
microsatellites, 234-235 
sample collection and preservation 
for analyses, 239 
SNPs, 235-236 
Genital tract 
gross anatomy of, 117, 119 
microscopic anatomy of, 120 
Genitourinary system, noninfectious 
diseases, 282-283 
Genomics (DNA), 223 
Genotyping, MHC, 236 
Gentamicin, 611; see also Drugs 
Geostationary Operational Environmental 
Satellite (GEOS) Data Collection 
System (NOAA), 771 
Gestation (active), in pinnipeds, 174 
Gestation and lactation 
cetaceans, 706 
manatees 706-707 
minke whales (Balaenoptera 
acutorostrata), 706 
otariids, 706 
phocids, 705 
polar bear, 707 
sea otter, 706 
Giardia duodenalis, 449 
Giardia spp., 56, 426, 442, 444, 446t, 449, 
452, 454, 457, 459, 844 


Giardiosis, 56 
Gilead, 419 
Gingivitis, 346 
Girella nigricans (opaleye perch), 343 
Glandicephalus spp., 477t 
Glaucoma 
cetaceans, 524 
pinnipeds, 532 
Global Telecommunication System (GTS), 
770 
Global Whale Entanglement Response 
Network (GWERN), 38, 40 
Globicephala macrorhynchus (short-finned 
pilot whale), 271t, 418t, 888, 1008t; 
see also Cetaceans 
Globicephala malaena (pilot whales), 269t, 
272t, 282, 305, 334, 336, 339, 369, 
372, 418t, 428t, 437t, 1023 
Globicephala scammoni (Scammons pilot 
whale), 380 
Globicephala spp. (pilot whale), 4, 50 
Glucagon, 143-144, 159 
B-D-glucan detection test, 416, 419 
Glucocorticoids, 154, 390 
stress-induced elevations of, 160 
stress response and, 158-159 
Glucose, 143 
Glutaraldehyde, 254 
Glutathione peroxidase (GPx), 299, 301 
GnRH agonists, 192 
GonaCon™, 192 
Gonadotrophins, 170 
Gonadotropin-releasing hormone (GnRH), 
170, 177 
GoPro, 254 
GoPro-type point-of-view cameras, 42 
GPS telemetry, 769; see also Tags 
tags, 819 
Grampus griseus (Rissos’s dolphins), 278, 
344t, 346, 429t, 438t, 483, 547, 683 
Grampus spp., 888 
Granulex sprays 
skin wounds, 913 
Grass (Brachiaria mutica) 
heat increment of feeding, 711 
Gray seals (Halichoerus grypus), 7, 21, 49, 
221, 269t, 273t, 276, 283, 302, 333, 
345t, 369, 371, 390, 427t, 437t, 
439, 444t, 446t, 482, 562, 699, 909, 
1011t, 1024 
Gray whales (Eschrichtius robustus), 22, 90, 
175, 280, 308, 321, 341, 409, 480, 
557, 570, 703, 838, 1008t, 1023 
fasting and starvation, 717 
Great vessels 
microscopic anatomy of, 115 
Great white (Carcharodon carcharias), 277 
Gross anatomy; see also Microscopic 
anatomy 
bone marrow, 130 


clinically relevant structures, 122, 123, 
125f, 126 
diaphragm, as a separator of body 
cavities, 113 
external features 
dolphins, 90, 111, 91f-95f 
manatees, 111, 106f-110f 
microanatomy of integument, 111-112 
sea lions, 111, 96f-100f 
seals, 111, 101f-105f 
lymphoid and hematopoietic systems, 
120-121 
nervous system, 121, 123f 
overview, 90 
potential for thermal insult to 
reproductive organs, 126-127 
sexual dimorphisms, 130 
skeleton, 127-130 
chevron bones, 129 
pectoral limb complex, 129 
pelvic limb complex, 129-130 
post-thoracic vertebrae, 129 
ribs, 128 
sacral vertebrae, 129 
sternum, 128-129 
of structures caudal to diaphragm, 116, 
118-119 
adrenal glands, 119 
digestive system, 116-117 
genital tract, 117, 119 
liver, 116 
urinary tract, 117 
of structures cranial to diaphragm 
caval sphincter, 115 
heart and pericardium, 113-114 
larynx, 115 
mediastinum, 114 
parathyroids, 114 
pleura and lungs, 114 
thymus, 114 
thyroids, 114 
superficial skeletal muscles, 112-113 
Gross and microscopic lesions 
protozoan parasites 
enteric protozoa, 457 
other, 457 
systemic apicomplexa, 456-457 
Gross energy intake (GED, 708 
Gross necropsy, marine mammal, 249-263 
age, 261-262 
auditory pathology, 257-258 
contaminants, 262-263 
examinations and specimen collection, 
250-255 
classification of carcass condition, 
250, 252t 
decomposition, 252 
dissection, 254-255 
equipment checklist, 250, 251 
logistics, 250-251, 252t 
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morphometrics, 252-253 
photographs, 253-254 
protocols, data, and forms, 251-252 
fetal, placental, and perinatal 
examination and sampling, 256 
forensic and anthropogenic mortality 
investigation, 256-257 
gas and fat embolism, 258-259 
genetics, 259-260 
goal, 249 
histopathology, 255-256 
infectious diseases, 263 
overview, 249-250 
reproductive status, 262 
in situ gas sampling, transport, and 
analysis of gases, 259 
stomach contents, 260-261 
Growth factors, 214 
Growth hormone (GH), 140, 159 
Growth layers, in teeth, 261-262 
Guadalupe fur seals (Arctocephalus 
townsendii), 277, 434t, 435t, 611, 
1023 
Guard hair alopecia, in seals, 901 
Guiana dolphins (Sotalia guianensis), 280, 
301, 334, 404t, 428t, 444t, 446t 
Gunshot injuries, 278 
GWERN (Global Whale Entanglement 
Response Network), 38, 40 
Gymnogyps californianus, 309 


H 


Habitat change, protozoan parasite 
infection, 460 

Habronematoidea, 477t 

HABs, see Harmful algal blooms (HABs) 

Haematophagus megapterae, 447t, 450 

Haementaria acuecueyetzin, 488 

Haemosporidia, 439, 440 

Haerator, 476t 

Halarachne spp., 478t, 487 

Halichoerus grypus (gray seals), 7, 21, 
49, 221, 269t, 273t, 276, 283, 
302, 333, 345t, 369, 371, 390, 
427t, 437t, 439, 444t, 446t, 482, 
1011t, 1024 

Halocercus brasiliensis, 486t 

Halocercus dalli, 486t 

Halocercus delphini, 486t 

Halocercus hyperoodoni, 4806t 

Halocercus invaginatus, 480t, 487 

Halocercus kirbyi, 486t 

Halocercus kleinenbergi, 485, 486t 

Halocercus lagenorhynchi, 474, 486t 

Halocercus monoceris, 486t 

Halocercus pingi, 4806t 

Halocercus spp., 478t, 485, 486-487 

Halocercus sunameri, 486t 

Halocercus taurica, 486t 


Haloperidol, 612, 942 
to treat cetacean, 895 
Halothane, 573, 685 
Hand-rearing and artificial milk formulas, 
739-755 
cetaceans,740-752 
delivery methods and techniques, 
740 
feeding frequency and daily 
requirements, 740 
monitoring health, 740-741 
other practical information, 743 
weaning, 741-743 
otariids, 746-747 
pinnipeds, 743-744 
phocid seals, 743-744 
polar bear, 753-754 
feeding frequency and daily 
requirements, 754 
formulas, 753-754 
other practical information, 754 
weaning, 754 
postpartum anxiety medication, 739-740 
sea otters, 751-753 
age, 752 
delivery methods and techniques, 752 
feeding frequency and daily 
requirements, 752-753 
other practical information, 753 
sirenia, 749-751 
walruses, 747-749 
Haptoglobin (Hp), 213 
Harbor porpoise norovirus (HPNV), 51 
Harbor porpoises (Phocoena phocoena), 
22, 51, 214, 269t, 272t, 280, 302, 
304, 305, 332, 333, 342, 343, 344t, 
369, 370, 375, 376, 390, 393t, 398t, 
401t, 402t, 403t, 408t, 409t, 430t, 
433, 434t, 436t, 438t, 444t, 446, 
479, 557, 700, 1007t, 1023 
feeding frequency and daily 
requirements, 740 
plastic cattle ear tags, 778 
Harbor seals (Phoca vitulina), 7, 21, 50, 80, 
90, 268, 269t, 273t, 302, 320, 324t, 
332, 333, 335f, 338, 339, 340f, 341, 
345t, 350, 370, 390, 393t, 401t, 
402t, 403t, 409t, 427t, 433, 434t, 
435t, 437t, 442, 443t, 444t, 446t, 
485, 545, 700, 739, 758, 815, 909, 
1009t, 1024 
Life History Transmitter (LHX tag) in, 777 
lighting, 758 
NK cell activity in, 218 
PIT tags, 775 
pups, 744 
in Scotland, effect-driven assessment 
using a multifactorial study 
design, 818-819 
vitamin E deficiency, 724 


Harmful algal blooms (HABs), 4, 319-325 
biotoxins, 319-321 
brevetoxins (PbTxs), 320, 321, 322, 
323, 324t 
domoic acid (DA), 320, 321, 322, 323, 
324t 
microcystins (MC), 320-321, 324t 
okadaic acid (OA), 320, 321 
overview, 319-320 
saxitoxins (STXs), 320, 321, 322 
clinical presentations, 322 
diagnosis, 322-324 
brevetoxicosis, 323 
cyanotoxins, 323 
DA toxicosis, 323 
overview, 322-323 
epizootiology, 321-322 
future research, needs, 325 
overview, 319, 320t 
treatment and prognosis 
California Sea Lions with DA 
toxicosis, 324 
manatees with brevetoxicosis, 324 
Harp seals (Pagophilus groenlandicus), 
21-22, 48, 234, 273t, 302, 333, 
345t, 393t, 407t, 409t, 427t, 444t, 
446t, 898, 1012 
fasting and starvation, 704 
Harp seals (Phoca groenlandica), 687 
Hawaiian monk seals (WWonachus 
schauinslandi), 270t, 273t, 284, 
321, 341, 345t, 427t, 437t, 476t, 480 
PIT tags, 763 
Hawaiian monk seals (Neomonachus 
schauinslandi), 4, 171, 334, 375, 
427t, 435t, 437t, 815, 855, 917, 924, 
1016t, 1024 
digestive system, 914 
intervention study-recovery and 
enhancement in, 816-817 
stretcher nets for, 850 
Hawaiian spinner dolphin (Stenella 
longirostris), 700-701 
Hazardous Waste Operations And 
Emergency Response training 
(HAZWOPER), 24 
Hazing, from oil spills, 24-26 
close-range techniques, 25 
long-range techniques, 25 
plan for, 25-26 
“Hazmat,” marine mammals as, 297, 309 
Headache, 320 
Head/mouth examination, after oil spill, 28 
Health, genes involved with, 231-233 
Health and Environmental Risk Assessment 
(HERA), 220 
Health assessments; see also specific mammals 
immunodiagnostics in 
immunotoxicological assessments, 
221-222 
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stranded animal health assessment, 
221 
wild population health assessment, 
220-221 
Heart 
microscopic anatomy of, 115 
Heart/lungs examination, after oil spill, 
28 
Heartworm (Dirofilaria immitis), 984 
Hector’s beaked whale (Mesoplodon 
hectori), 438t 
Hector’s dolphin (Cephalorhynchus hectori), 
348, 349f, 430t 
Helicobacter pylori, 372 
Helicobacter spp., 372 
Helminths and parasitic arthropods, 
471-488 
acanthocephala, 480-481, 488t 
cestoda, 479-480, 488t 
collection and preservation of parasites 
and terminology, 472-474 
digenea, 475-479, 488t 
cetacea, 477t-479t, 479 
pinnipeds, 475, 476t-478t, 479 
sea otters, 475 
sirenians, 475, 476t-478t 
nematoda, 481-487, 488t 
ascaridoids, 482 
filarioids, 483-484 
hookworms, 484 
lungworms, 484-487 
spirurids, 482-483 
trichinella, 481-482 
overview, 471-472 
treatment, 474-475 
Hematological and blood chemistry 
bioindicators, of stress response, 
161t 
Hematologic effects, 612 
Hematology, protozoan parasites, diagnosis, 
451 
Hematology/serum chemistry, in cetacean, 
893 
alkaline phosphatase, 894 
differential blood cell count, 894-895 
erythrocyte sedimentation rate, 893-894 
plasma fibrinogen, 893 
reticulocyte counts, 894 
serum albumin, 894 
serum iron, 894 
serum transaminases, 895 
total white blood cell count, 894 
Hematopoietic systems 
anatomy of, 120-121 
Hematoxylin and eosin (H&E) stain, 454 
Hematuria, in cetacean, 891 
Hemochromatosis, 282, 725 
in California sea lions, 915 
B-hemolytic Streptococcus spp., 370, 371, 
372 


Hemorrhage, 278, 485 
Hemosiderosis, 282 
Hepadnavirus, 343t 
Heparanase 2 (HPSE2), identification, 275 
Hepatic effects, 610-601 
Hepatic hemosiderosis, 282 
Hepatic lipidosis, 281 
Hepatic necrosis, in pinnipeds, 915 
Hepatitis, 433, 915 
Heptachlor, 303 
Herpesviruses, 268, 333, 343-347, 912 
clinical signs, 346 
diagnosis, 347 
epidemiology, 347 
host range, 343-345 
pathology, 346-347 
public health significance, 347 
therapy, 346 
virology, 345, 346 
Herring (Clupeidae spp.), 910 
diet, 711 
Hetacillin, 610 
Heterocheilus spp., 477t, 482 
Heterodont tooth, 503 
Heterophyidae, 476t 
Heterophyopsis, 476t 
Heteroxenous life cycle, defined, 474 
Hexagonoporus, 477t 
Hexamita spp., 447t, 449 
High-efficiency particulate air CHEPA) 
filtration systems, 758 
Hill’s Prescription Diet, 754 
Histamine receptor (H2) blockers, 612 
Histamine toxicity, 725 
Histology, mercury and, 301-302 
Histopathology 
marine mammal necropsy, 255-256 
protozoan parasites, 453, 454 
Histoplasma capsulatum, 389, 404t, 414, 
416 
Histoplasma spp., 414 
Histoplasmosis, 414 
Histriophoca fasciata (ribbon seals), 343, 
427t, 434t, 1013t 
HLA-A, 232 
HLA-B, 232 
HLA-DRB1, 232 
H7N7 influenza virus, 50 
Home Range Tools, 773 
Homodonts, 503 
Honey 
skin wounds, 913 
Hooded seals (Cistophora cristata), 11, 333, 
345t, 372, 373, 427t, 444t, 912, 
1011t, 1024 
gestation and lactation, 1005 
Hooker’s sea lions (Phocarctos hookeri), 
276, 307, 428t 
Hookworms (Uncinaria spp.), 484 
infections, 915, 918 


Horizontal-beam projections, 540 
Horizontal keratopathy, 520 
Horizontal transmission, defined, 474 
Hormonal regulation, of dive response, 84 
Hormones; see also Endocrinology/endocrine 
system; specific hormones 
adrenal, 140-141 
described, 137 
hypothalamus-pituitary, 139-140 
osmoregulatory, 145-146 
pancreas, 143-144 
pineal gland, 144-145 
stress response and, 156-159, 157t 
catecholamines, 158 
glucocorticoids, 158-159 
mineralocorticoids, 159 
other hormones, 159 
thyroid hormones, 159 
thyroid, 141-143 
Hospice care, 665-666; see also Euthanasia 
Host, defined, 474 
Host-parasite coevolution, 233 
Host range 
adenoviruses, 353 
caliciviruses, 341 
coronaviruses (CoVs), 341 
herpesviruses, 343-345 
influenza viruses, 338 
morbilliviruses, 333 
papillomaviruses, 351 
parainfluenza viruses, 337 
poxviruses, 348 
Hot water bath, 740 
“Housekeeping” genes, 237 
Human activities 
mass strandings and UMEs due to 
affecting cetaceans, 6 
as stressors, 154 
Human interaction (HD 
evaluations, stranding response and, 11 
Human leukocyte antigen (HLA complex), 232 
Human safety; see also Safety 
in pursuing necropsy, 250 
stranding response and, 10 
whale entanglement response, 41 
Humans and marine mammals, contact 
between, 47; see also Zoonoses 
Humpback whales (Megaptera 
novaeangliae), 4, 11, 71, 269t, 
271t, 278, 307, 321, 430t, 447t, 450 
entanglement problem of, 38 
Hunterotrema, 476t, 479 
Hyaline sclerosis, 284 
Hydrocarbons, in oils, 20 
Hydrurga leptonyx (eopard seal), 380, 437t 
Hygiene theory, 412 
Hyperadrenocorticism, 280, 283 
Hyperkeratosis, 960 
Hypermotility, 560 
Hyperparathyroidism, in cetacean, 904 
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Hyperthermia 
in pinnipeds, 764 
Hyponatremia, 724-725 
in pinnipeds, 921 
Hypothalamic—pituitary—gonadal axis, 170 
Hypothalamus, 139-140, 156 
Hypothalamus-pituitary-adrenal gland 
(HPA), 156, 283 
Hypothermia, 575, 581, 590 
in pinnipeds, 910 
Hypothyroidism, in seal, 920 
Hypoventilation, 590 
Hypovitaminosis A 
alopecia and general poor coat 
condition, 995 
in polar bear, 995 
Hypovitaminosis D, in cetacean, 904 
Hypoxia, in pinnipeds, 284 
Hysteria vs. association vs. cause-effect, 
297, 310 
Hysteroscopy, 562 


I 


ICS, see Incident Command System (ICS) 
Icterus, 379 
IL-1, 215 
iS. 271 
IL-4, 215, 216 
IL-6, 215, 216, 221 
IL-8, 215, 221 
IL-10, 215, 216 
IL-12, 221 
IL-13, 216 
IL-1, 221 
IL-6-like activity, 221 
Iltovirus spp., 346 
Image interpretation, 538-539 
Imaging modality selection, 538, 539t 
Imidazoles, 417 
Immortalized cell lines, 223 
Immune cells, 211, 213t 
Immune organs, 211, 212t 
Immune system, see Marine mammal 
immune system 
Immunocompetence, OCs on, 304-305 
Immunodiagnostics, in health assessments 
immunotoxicological assessments, 
221-222 
stranded animal health assessment, 221 
wild population health assessment, 
220-221 
Immunodiffusion (ID) assay, 416 
Immunofluorescent antibody tests (IFATs), 
451-452 
Immunofluorescent staining, protozoan 
parasites, diagnosis, 452-453 
Immunoglobulins (Ig), 211-213, 214t 
Immunohistochemistry (HC), 323 
protozoan parasites, 454 


Immunologic factors, stress response, 160, 
161t 
Immunomodulatory therapy for keratopathy 
cetaceans, 523-524 
Immunophenotyping, 220, 220f 
Immunotoxicity, mercury and, 301 
Immunotoxicological assessments, 221-222 
Implantation, in pinnipeds, 174 
Inappetence, 322 
Inbreeding, disease susceptibility and, 
233-234 
Incident Command System (ICS), 24, 250 
Operations Section of, 24 
Wildlife Branch, 24 
Indian Ocean bottlenose dolphins (Jursiops 
aduncus) 
GEI, 715 
Indirect contact with marine mammals, 
zoonoses transmission through, 
48 
Individual energy budget, calculating an, 
710-711 
Indopacetus pacificus (Longman’s beaked 
whale), 334 
Indo-Pacific bottlenose dolphins (Zursiops 
aduncus), 334, 429t, 443t, 444t, 
446t, 447t, 449 
Indo-Pacific humpbacked dolphins (Sousa 
chinensis), 375, 429t 
Infectious diseases 
bacterial infections and diseases, see 
Bacterial infections and diseases 
fungal infections, see Fungal infections 
helminths and parasitic arthropods, 
see Helminths and parasitic 
arthropods 
mass strandings and UMEs due to 
affecting cetaceans, 5t 
affecting pinnipeds, 7, 7t 
affecting sea otters, 8, 8t 
necropsy, 263 
protozoan parasites, see Protozoan 
parasites 
viruses, see Viruses 
Influenza A virus, 50 
Influenza B virus, 50 
Influenza viruses, 50, 337-341 
clinical signs, 338, 339f 
diagnosis, 339 
epidemiology, 339, 340 
epizootics in harbor seals, 917 
host range, 338 
isolation, 332 
pathology, 338, 339, 341f 
public health significance, 340-341 
therapy, 338 
virology, 338 
Ingested energy (IE), 708 
Inhalants, 685; see also Drugs for euthanasia 
Inhalation (H) administration, 609 


Inhalation anesthesia; see also Anesthesia 
cetaceans, 573-574 
odobenids, 594 
otariids, 581 
phocids, 589 
polar bears (Ursus maritimus), 599, 601 
sea otters, 598 
Sirenians, 596 
Inia geoffrensis (Amazon river dolphin), 
279, 299, 413, 428t 
water requirements, 720 
Inia geoffrensis (Boto), 273t 
Inia geoffrensis (Botu), 1023 
Injectable agents, 680 
Injections, 880 
Innate immune system, 210-211, 210f 
complement system, 214 
natural killer (NK) cell activity, 218-219, 
219f 
phagocytosis, 217, 217f, 218f 
respiratory burst, 217-218, 218f 
In situ gas sampling, marine mammal 
necropsy, 259 
Institutional animal care and use 
committees (IACUC), 773 
Instruments, necropsy examinations and 
specimen collection, 251 
Insulin, 143, 159 
Intake, oil spills and, 28-29 
Integument, microanatomy of, 111-112 
Integumentary system, noninfectious 
diseases, 279-280 
Integument examination, after oil spill, 29 
Intensity of infection/infestation, 474 
Interactive recreation, animal well-being 
and, 70-71 
Interferons, 214 
Interleukins (ILs), 214, 215 
Intermediate host, defined, 474 
Internal Animal Care and Use Committee 
(ACUO), 824 
and permitting requirements, 824 
International Air Transport Association 
CATA), 799-800 
International Biological Programme, 696 
International Committee on Taxonomy of 
Viruses (ICTV), 348 
International Cooperation for Animal 
Research Using Space (CARUS) 
Initiative, 771 
International Council for Exploration of 
Seas (ICES), 250 
International Polar Year Inuit Health 
Survey, 55, 56 
International stranding networks, 
1036-1085 
International Whaling Commission (IWC), 
38, 250, 371 
trainees selection criteria, 40 
training workshops, 38, 40 
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Interspecific trauma, marine mammals, 
276-277 

Interstitial pneumonia, 334, 335, 336 

Intestinal volvulus with necrosis, 282 

Intestine stratification, 547 

Intracardiac injections, 681 

Intramuscular (IM) administration, 609 

Intramuscular (IM) injections, 880 

Intramuscular (IM) midazolam, 744 

Intraoral radiographs, 510 


Intraspecific trauma, marine mammals, 276 


Intratracheal (IT) administration, 609 
Intravascular administration, 681 
Intravascular doxapram, 591 
Intravenous catheters, 583 
Invasive tags, 780 
Invitrogen™, 333 
In vivo dosing, with methyl mercuric 
chloride, 302 
Iron 
overload, in cetacean, 903 
storage disease, 725 
Irreversible hepatotoxicity, 610 
Irving—Scholander response, 79 
Isavuconazole, 419 
Isistius brasiliensis (cookie-cutter sharks), 
276-277 
Isocyamus spp., 478t 
Isoflurane, 589, 596, 599 
liquid, 685 
Isolation 
parasite, via cell culture and mouse 
bioassay, 453, 454 
virus, 332-333 
Isoniacide, 378 
Isospora spp., 440, 441, 443t-444t 
Itraconazole, 391t, 392t, 395t, 396t, 397t, 
398t, 399t, 400t, 403t, 404t, 405t, 
406t, 407t, 408t, 417, 418t, 419 
Ivermectin, 475, 484 


J 


Janssen-Cilag, 417 

Jarellia atramenti (Bodonidae), 446t, 449 

Jarrelia spp., 442, 446t, 449 

Jessica oil spill (200D, 21 

Juan Fernandez fur seals (Arctocephalus 
philippii), 576, 700 

Juvenile california sea lion keratopathy, 
526; see also Sea lions 


K 


Karenia brevis, 320t, 321 
Kepone, 303 
Keratopathy, immunomodulatory therapy 
for 
cetaceans, 523-524 
Ketamine, 584 


Ketamine-xylazine, 590 
Ketoconazole, 396t, 401t, 403t, 405t, 418t 
Ketoprofen, 407t 
Killer whales (Orca orcinus), 22, 178, 272t, 
276, 277, 283, 306, 309, 344t, 346, 
372, 409t, 418t, 428t, 434t, 436t, 
438t, 448t, 450, 698, 740, 835, 880, 
1008t, 1023 
diazepam for postpartum of, 740 
estrogens concentrations, 188 
estrous cycle and ovarian physiology, 
181-183, 182f, 183f 
feeding frequency and daily 
requirements, 740 
male seasonality, 191 
pregnancy in, 186 
pseudopregnancy in, 185 
reproductive cycle (female), 179 
reproductive maturity and senescence, 
178 
sexual maturity (male), 189 
Klebsiella pneumonia, 369 
Klebsiella spp., 370, 371 
Kleiber’s criteria, 696-697 
Kleiber’s general mammalian allometric 
equation, 697-698 
Kogia breviceps, see Pygmy sperm whales 
(Kogia breviceps) 
Kogia sima (dwarf sperm whales), 284, 
332t, 446t 
Kogia spp., 284 
Kuril seal (Phoca vitulina stejnergeri), 434t 
Kyaroikeus cetarius, 426, 447t, 450, 457 


L 


Labicola spp., 475, 477t 
Labicolidae, 477t 
Lacazia (Loboa) loboi infection, 57 
Lacaziosis, 57 
Laccase, 412 
Lactation, 281, 303 
in cetaceans, 184 
costs, 704-705 
in pinnipeds, 174 
milk collection, 176 
Lagenodelphis hosei (Fraser's dolphin), 281, 
336, 447t 
Lagenorhynchus acutus (Atlantic white- 
sided dolphins), 272t, 351, 375, 
438t, 483 
Lagenorhynchus australis, 269t 
Lagenorhynchus obliquidens (Pacific white- 
sided dolphin), 1023 
Lagenorhynchus obscurus (dusky dolphins), 
71, 272t, 283, 336, 447t, 450 
Lagenorhyncus acutus (Atlantic white-sided 
dolphins), 272t, 438t, 483 
Lagenorhyncus albirostris (white-beaked 
dolphins), 302 


Lagenorbyncus obliquidens (Pacific white- 
sided dolphin), 272t, 282, 344t, 
430t, 436t 

Lamisil, 406t, 407t, 419 

Lankatrema spp., 475, 476t 

Lankatrematoides spp., 476t 

Laparotomy, in seal, 924 

Laptev Sea walrus (Odobenus rosmarus 
laptevi), 935 

Large whales, health assessment, 823-832 

endocrinology using alternative 
biological matrices, 829 
blubber hormones, 830 
fecal hormones, 829-830 
environmental contaminants, 831-832 
infectious diseases, parasites, and 
protozoa, 831 
introduction, 823-824 
microbiome and health, 831 
remote health assessment, 824-825 
aerial photogrammetry and health 
assessment, 828-829 
blubber ultrasound measurement, 
827-828 
visual health assessment, 825-827 
respiratory vapor (blow) hormones, 
830-831 
earplugs (cerumen) and baleen, 831 
marine biotoxins, 831 
Large whale strandings, 11-12 
Larynx 
gross anatomy of, 115 
Laser therapy 
skin wounds, 913 

Lateral flow assay (LFA), 416 

Latex agglutination (LAT), 451 

Laundry tags, 256 

LDH isoenzymes, in cetacean, 895 

Leadership traits, 65b 

Lecanicephalidae, 477t 

Lecithin, 740 

Legalon, 385t 

Leishmania spp., 442, 444, 446-449, 457 

Lens 

cetaceans, 524 
pinnipeds, 530 

Lensectomy/phacoemulsification, 530-532 

Leopard seal Hydrurga leptonyx), 380, 437t 

Leopard seal Lobodon carcinophagus), 1024 

LEO satellites,770-771 

Lepas spp., 478t 

Lepidophthirus macrorhini, 487 

Lepidophthirus spp., 478t 

Leptin, 144 

Leptonychotes weddellii (Weddell seals), 
175, 234, 278, 282, 348, 428t, 443t, 
444t, 1024 

Leptospira DNA, in seal, 919 

Leptospira interrogans pomona, 54, 342, 
379, 981 
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Leptospira spp., 53-54 
Leptospires, in seal, 919 
Leptospirosis, 53-54, 379-380, 611 
in seal, 919, 995 
Lethargy, 320, 322, 346, 353, 377, 378 
Leukopenia, 353 
Leuprolide acetate, 192 
Levamisole, 484 
to treat cetacean, 895 
Lice (Antarctophthirus trichechi), 912, 939 
Lichteimia corymbifera, 407t 
Lichtheimia (Absidia) spp., 389, 413 
Life History Transmitter (LHX tag), 777 
Life-threatening adverse reactions, 610 
Lifting floor, 881; see also Medical training 
of cetaceans/pinnipeds 
Light-based geolocation, 769 
Lipid formulation, 406t 
Lipofuscin-like pigment, 301 
Lissodelphis borealis (northern right whale 
dolphins), 283 
Listeria ivanovii, 371 
Listeria monocytogenes, 459 
Live animal response 
stranding response and, 10-11 
Liver 
gross anatomy of, 116 
microscopic anatomy of, 119 
Liver disease, in cetacean, 900-902 
diagnostic tests/threshold values, 901 
fatty, 903-904 
Lobodon carcinophagus (Crabeater seal), 
443t, 1024 
Lobodon carcinophagus (Leopard seal), 
1024 
Lobomycosis, 57 
Location, protozoan parasite infection, risk 
factor, 459 
Logistics, necropsy examinations and 
specimen collection, 250-251, 252t 
Lomentospora (Scedosporium) prolificans, 
389, 419 
Long-beaked common dolphin (Delphinus 
capensis), 447t, 483 
Longman’s beaked whale Undopacetus 
pacificus), 334 
Long-range techniques, hazing, 25 
Lontra canadensis (wild river otters), 440 
Lorazepam, 324 
Lordosis, 281 
Low Impact Minimally Percutaneous 
Electronic Transmitter (LIMPET) 
tag, 781 
Loxodonta africana, 346 
Lufenuron, 401t 
Lungs 
gross anatomy of, 114 
Lungworms (Pseudalius inflexus), 373, 
484-487 
Luteinized cystic follicles, 193 


Luteinized ovarian cysts, 283 
Luteinizing hormone (LH), 140, 160, 170 
Lutra lutra (fish otter), 374, 440 
Lutzomyia donovani, 448 
Lutzomyia infantum, 448 
Lutzomyia spp., 448 
Lutzomyia tropica, 448 
Lymphadenitis, 377, 433 
Lymph nodes, 211 

anatomy of, 120-121 
Lympbocryptovirus spp., 346 
Lymphocyte proliferation, 219 
Lymphocytes (R3), 217 
Lymphoid system, noninfectious diseases, 

284 

Lymphoproliferative disorder, 346 
Lysergic acid diethylamide (LSD), 298 
Lyssavirus, 50 


M 


Macavirus spp., 345t, 346 
Mackerel (Scomber japonicus), 910 
fecal and urinary energy losses, 711 
Macondo 252/Deepwater Horizon Spill 
(DWH), 20, 22 
effects on cetaceans, 22-23, 23f 
Macrophages, 215, 302 
Madin—Darby bovine kidney epithelial cells 
(MDBR), 332 
Madin—Darby canine kidney cells (MDCWK), 
332 
Magnetic resonance imaging (MRD, 
542-544, 543t 
Maintenance energy, 696 
Major histocompatibility complex (MHOC), 
231-232 
allele associations, 233 
described, 231-232 
diversity, 232-233 
genotyping, 233, 236 
peptide-binding regions, 232 
proteins, 211 
regions/subgroups, 232 
Male cetacean reproduction, 189-192 
contraception and aggression control, 192 
seasonality, 191-192 
sexual maturity, 189, 190t 
Male pinniped reproduction, 174-175 
anatomy, 174-175 
concentration, 176-177 
physiology and behavior, control of, 
176-177 
seasonality, 175 
sexual maturity, 175 
Mammalian allometric equations, using, 
713-714 
Managed-care facilities, 223 
Manatee Rehabilitation Partnership (MRP), 
782 


Manatees, 701, 763 
cold stress syndrome in, 763 
external features, 111, 106f-110f 
freeze branding in, 782 
gestation and lactation, 706-707 
gross anatomy, see Gross anatomy 
microscopic anatomy, see Microscopic 
anatomy 
PIT tags in, 782 
RAAS sensitivity in, 145 
thermoregulation, 702 
vascular structures, 126 
water requirements, 720-721 
Manatees, health assessments of, see also 
Sirenia 
capture/restraint, 858, 858b 
clinical monitoring 
respiratory/cardiovascular function, 
861-863, 863t 
temperature, 861 
clinical support, 863 
postcapture management/evaluation/ 
animal handling, 859, 860t-861t 
sampling/tagging/measuring, 863-865 
Manatus latirostris latirostris (Florida 
manatees), 321, 324, 430t, 431t, 451 
Mandibular and maxillary fractures, 280 
Mannose-binding lectin (MBL), 214 
Marbofloxacin, 608t 
Mardivirus spp., 346 
Marine Geospatial Ecology Tools®, 773 
Marine Mammal Health and Stranding 
Response Program (MMHSRP), 
250, 813-814 
Marine mammal immune cell tissue bank, 223 
Marine mammal immune system, 160, 
209-211, 210f 
acute-phase proteins, 213, 215t 
complement system, 214 
cytokines, 214-216, 215t-216t 
functions, characterization and 
quantification of 
adaptive, 219-220, 220f 
innate, 217-219, 217f-219f 
future work considerations 
marine mammal immune cell tissue 
bank, 223 
marine mammal-specific reagents 
and cell lines, 222-223 
omics approach, 223 
reference intervals, 222 
genes involved, 231-233 
immune cells, 211, 213t 
immune organs, 211, 212t 
immunodiagnostics in health assessments 
immunotoxicological assessments, 
221-222 
stranded animal health assessment, 221 
wild population health assessment, 
220-221 
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immunoglobulins (Ig), 211-213, 214t 
MHC genes, 231-233 
“non-MHC” immune genes, 233 
Marine Mammal Medicine, 767 
Marine mammal nutrition, 718 
Marine Mammal Protection Act (MMPA), 4, 
64, 814 
Marine mammals and humans, contact 
between, 47; see also Zoonoses 
Marine Mammals Ashore, 20 
Marine mammal-specific reagents, 
222-223 
Marine mammal transport, 799-808 
additional animal health considerations, 
808 
general considerations and preparation 
for healthy, nonstranded marine 
mammals, 800-801 
regulations and standards, 799-800 
taxon-specific considerations, 801-807 
cetaceans, 801-806 
pinnipeds, 806 
polar bears, 807 
sea otters, 806-807 
sirenians, 807 
transportation for rescue and 
rehabilitation, 807-808 
Marine otters (Lutra felina), 334 
Marine snow, 458 
Maritrema spp., 476t 
Marquis, 455 
Mass strandings 
of cetaceans, 4-6, 5t—6t 
defined, 4 
of pinnipeds, 6-8, 7t 
of sea otters, 8, 8t 
of sirenians, 8, 9t 
Mastadenovirus spp., 353 
Mastitis, 380 
Matrix assisted laser desportion/ ionization 
time of flight mass spectrometry 
(MALDI-TOF MS), 416 
Matrix effects, 138 
Mean arterial blood pressure (MAP), 575 
Mean intensity, 474 
Measles virus (MV), 334 
Measures, 1032 
Mechanical filtration, 760 
Mechanical ventilation, 594, 596 
Medetomidine, 576, 595 
Medetomidine—ketamine, 591, 599 
Medetomidine-zolazepam-—tiletamine 
(MZT), 599 
Media, ethics and, 72, 73b 
before, during, and after media 
interviews, 73b 
communication, exercises to prepare 
for, 74b 
Medial keratopathy, 519 
Mediastinum, anatomy, 114 


Medical training of cetaceans/pinnipeds 
advanced medical behaviors 
anesthesia, 880 
biopsies, 880 
CT scan, 880 
endoscopy, 880 
injections, 880 
milk sampling, 880 
prosthetics, 881 
semen sampling, 880 
urine sampling, 880 
animals, 872 
behaviors 
place, 874 
separation of animals—gating, 
874-875 
stay, 874 
target, 874-874 
touch, 874 
water, 874 
bridge, 873 
discriminative stimulus (SD), 873 
lifting floor, 881 
necessity of, 871-872 
operant conditioning, 872 
protected contact, 881 
reinforcement, 872-873 
routine medical behaviors 
blood sampling, 878-879 
blowhole or nostril sampling, 877 
body examination, 875 
eye examination, 875-876 
fecal sampling, 877-878 
gastric sampling, 877 
oral examination, 876-875 
radiography, 880 
ultrasound, 879 
weighing, 875 
teamwork, 872 
time in, 873 
Mediterranean monk seals (WWonachus 
monachus), 7, 348, 427t, 446t, 
448, 480 
rehabilitation and release of stranded, 9 
Mediterranean striped dolphin (Stenella 
coeruleoalba), 234 
Megaesophagus, in harbor seals, 914 
Megaptera novaeangliae, see Humpback 
whales (Megaptera novaeangliae) 
Megesterol acetate, 283, 412, 613 
Melatonin, 144, 170 
Melon-headed whales (Peponocephala 
electra), 11, 336, 344t 
Meloxicam, 407t, 608t 
Meperidine, 595 
Merck, 455 
Mercury 
MTs and, 301-306 
critical cohort exposure, 302 
histology, 301-302 


immunotoxicity, 301 
methyl mercuric chloride, in vivo 
dosing with, 302 
OC, on immunocompetence and 
epizootics, 304-305 
OC, on reproduction and some 
endocrine systems, 304 
OC pesticides and metabolites, 
303-304 
organohalogens, 302-303 
organohalogens, other, 305-306 
PCBs, 303 
toxicant and nutrient interaction, 
299-301 
Mesoplodon bidens (Sowerby’s beaked 
whale), 376, 438t 
Mesoplodon densirostris (Blainville’s beaked 
whale), 271t, 344t, 346, 429t 
Mesoplodon hectori (Hector’s beaked 
whale), 438t 
Mesorchis spp., 472 
Messenger RNA (mRNA), 237 
Metabolic syndrome, in cetacean, 902-903 
Metabolites 
DDT, 303 
OCs, 303-304 
Metabolizable energy (ME), 708 
Metabolomics (metabolites), 223 
Metallic tags, 785 
Metallothioneins (MTs), mercury and, 
301-306 
critical cohort exposure, 302 
histology, 301-302 
immunotoxicity, 301 
methyl mercuric chloride, in vivo dosing 
with, 302 
OC, on immunocompetence and 
epizootics, 304-305 
OC, on reproduction and some 
endocrine systems, 304 
OC pesticides and metabolites, 303-304 
organohalogens, 302-303 
organohalogens, other, 305-306 
PCBs, 303 
Metastrongyloidea, 478t 
Metastrongyloids, 484-487 
Methicillin-resistant Staphyloccocus aureus 
(MRSA), 912 
Methoxyflurane, 685 
Methyl mercuric chloride, in vivo dosing 
with, 302 
Metoclopramide, 598 
Metorchis spp., 476t 
Metronidazole, 455 
MHC, see Major histocompatibility complex 
(MHC) 
MHC class II locus Zaca-DRB, 268, 276 
MHC class II peptides, 232 
MHC class I peptides, 232 
MHC genes, 232 
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Micafungin, 419 
Microarrays, 238 
Microcystins (MC), 319, 320-321, 320f, 324t 
Microcystis spp., 320t 
Microfilariae, 483 
Microphallidae, 476t 
Microphallus pirum, 475 
Microphallus spp., 475 
Microplastics, 297, 307-308 
Microsatellites, 234-235 
Microscopic anatomy; see also Gross 
anatomy 
of integument, 111-112 
nervous system, 121, 123f 
of structures caudal to diaphragm 
adrenal glands, 120 
digestive system, 119-120 
genital tract, 120 
liver, 119 
urinary tract, 120 
of structures cranial to diaphragm 
heart and great vessels, 115 
parathyroids, 116 
respiratory system, 115, 118f 
thymus, 115-116 
thyroids, 116 
Microsporum canis, 413 
Microsporum gypseum dermatomycosis, 912 
Midazolam, 576, 584, 682 
Midazolam—medetomidine—ketamine, 599 
Milk collection, in pinnipeds, 176 
Milk sampling, 880 
Mineralocorticoids, stress response and, 159 
Minimal alveolar concentration (MAC), 922 
Minimally invasive surgery (MIS), 553 
Minimum alveolar concentration (MAC), 
573 
Minimum inhibitory concentrations (MICs), 
415, 417 
Minke whales (Balaenoptera acutorostrata), 
269t, 309, 338, 344t, 369, 430t, 557 
blubber hormones, 842 
gestation and lactation, 706 
Minocycline, 612 
Mirex, 303 
Mirounga angustirostris, see Elephant 
seals/Northern elephant seals 
(Mirounga angustirostris) 
Mirounga leonina, see Southern elephant 
seals (Mirounga leonina) 
Mirtazapine, 916 
pinnipeds, digestive system, 916 
Missing teeth, 503-504; see also Dentistry 
Mitigation, whale entanglement, 44—45 
Mixed bacterial infections, 54-55 
Modes of transmission, fungal infection, 
412-413 
Modified agglutination (MAT), 451 
Molars, 503 
Molecular diagnostics, viruses, 333 


Molecular mycology, 415-416 
Molt, 717-718 
monk seals (Monachus sp.), 718 
Monachus monachus (Mediterranean 
monk seals), 7, 348, 427t, 446t, 
448, 480 
rehabilitation and release of stranded, 9 
Monachus schauinslandi (Hawaiian monk 
seals), 270t, 273t, 284, 321, 341, 
345t, 427t, 437t, 476t, 480 
PIT tags, 775 
Moniligerum blairi, 961 
Moniligerum spp., 475, 476t 
Monk seals (onachus sp.), 718 
Monoclonal antibodies, 222 
Monocytes, 215, 217 
Monocytosis, 353 
Monodon monoceros (narwhal), 271t, 351, 
428t 
Monodontidae, 178, 486t 
Monorygma spp., 477t, 479 
Monoxenous life cycle, defined, 474 
Moraxella spp., 371 
Morbillivirus dermatitis, seal, 912 
Morbilliviruses, 333-337 
clinical signs, 334, 335f 
diagnosis, 336 
epidemiology, 336-337 
host range, 333 
pathology, 334-336 
public health significance, 337 
therapy, 334 
universal and semi-universal primers 
for, 333 
vaccine, 305 
virology, 334 
Morganella morganii, 372, 377 
Morphometrics, 864 
necropsy examinations and specimen 
collection, 252-253 
Mortality investigation, forensic and 
anthropogenic, 256-257 
Mouse bioassay, parasite isolation via, 
453, 454 
mRNA, see Messenger RNA (mRNA) 
MSD (Posaconazole), 419 
Mucorales spp., 413, 415 
Mucormycosis, 413 
Mucor spp., 389, 395t, 409t-411t, 413 
Mucosal-associated lymphoid tissue 
(MALT), 211 
Mu Ig (gM), 211, 213 
Mullet (Wugil sp.), fecal and urinary energy 
losses, 711 
Multiductus spp., 477t 
Multiple thrombosis, 485 
Muscular twitching, 322 
Musculoskeletal effects, 600 
Musculoskeletal examination, after oil 
spill, 29 


Musculoskeletal system 

anatomy, 112-113 

noninfectious diseases, 280-281 

Musculoskeletal ultrasound, 545 

Mussels (Mytilus californianus), 375 

Mx1, 233 

Mx2, 233 

Mya truncata, 936 

Mycobacterial infections, 377-379 

Mycobacteria spp., 368, 369t 

Mycobacterium abscessus, 377 

Mycobacterium avium, 378 

Mycobacterium bovis, 53, 377, 378 

Mycobacterium chelonae, 377, 912 

Mycobacterium chelonei, 378 

Mycobacterium chitae, 377 

Mycobacterium fortuitum, 377 

Mycobacterium mageritense, 377 

Mycobacterium marinum, 52, 371, 377, 378, 
379 

Mycobacterium pinnipedii, 53, 368, 377, 
378 

Mycobacterium spp. infections, 52-53, 899 

Mycobacterium tuberculosis complex 
(MTBOC), 52-53, 377, 378 

Mycoplasma phocacerebrale, 51, 370 

Mycoplasma phocarhinis, 51, 370 

Mycoplasma phocidae, 51, 370 

Mycoplasma spp., infections of, 51-52 

Mycosis, marine mammal, see Fungal 

infections 

Mycostatin, 400t, 419 

Myocardial contraction band necrosis, 284 

Myocardial interstitial fibrosis, 284 

Myocardial necrosis, 284 

Myocarditis, 433 

Myoglobinuria, 282 

Myositis, sarcocystis infection, 914 

Mysticetes, filter-feeding, 307 

Mytilus californianus (mussels), 375 

Mytilus edulis, 321 


N 


Naegleria fowleri, 450 

Nalidixic acid, 373 

Naphthenes, 20 

Narwhal (Monodon monoceros), 271t, 351, 
428t 

Nasal acariasis (Halarachne spp.), 974 

Nasal mites (Halarachne miroungae; 
Orthobalarachne attenuata), 941, 
983, 

Nasitrema spp., 450, 472, 476t, 479, 487 

National Academies of Sciences (NAS), 153 

National Center for Biotechnology 
Information (NCBI) gene bank, 
216, 238 

National Incident Management System 
(NIMS), 24 
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National Institute of Standards and 
Technology (NIST), 223 
National Marine Fisheries Service (NMFS), 
20, 24, 767, 824 
National Marine Mammal Tissue Bank 
(NMMTB), 223 
National Oceanic and Atmospheric 
Administration (NOAA), 223, 250 
National Research Council, 696 
Natural killer (NK) cell activity, 218-219, 
219f 
Natural Resource Damage Assessment 
(NRDA), 27 
Natural stressors, 155t-156t 
Nausea, 320, 419 
Navy’s Marine Mammal Program, 377 
Necropsy 
findings, sirenians, 959 
general methods and techniques, 28 
during oil spills, 28 
stranding response and, 11 
whale entanglement response, 43, 44f 
Necrotic stomatitis, 724 
Necrotizing hepatitis, Sarcocystis spp. with, 
438, 439, 442 
Negative reinforcement, 872 
Nematodes (roundworms), 473, 481-487, 
488t 
ascaridoids, 482 
filarioids, 483-484 
hookworms, 484 
lungworms, 484-487 
spirurids, 482-483 
trichinella, 481-482 
Neocyamus spp., 478t 
Neomonachus schauinslandi, see 
Hawaiian monk seals (WVonachus 
schauinslandi) 
Neonatal dolphin (Zursiops truncatus), 763 
Neophoca cinerea (Australian sea lions), 
171, 372, 378, 487, 1023 
Neophocoena phocoenoides (finless 
porpoises), 370 
Neoplasia, in marine mammals, 268, 
271t-275t 
Neoplastic diseases, 914 
Neospora caninum, 433, 434t, 451, 452, 454, 
457, 458 
Neospora hughesi, 433 
Neospora spp., 426, 433, 454-455 
Nephrolithiasis, 902 
Nervous system 
dive response control and, 84 
effects, 611-612 
general morphology, 121 
microscopic anatomy, 121, 123f 
noninfectious diseases, 284 
Neurodegenerative disease, 321 
Neurologic examination, after oil spill, 28 
Neurologic factors, stress response, 156 


Neuromuscular blockage, 533-534 
Neurotoxic shellfish poisoning (NSP), 320 
Neutrophils, 217 
New Zealand fur seals (Arctocephalus 
Jorsteri), 177, 428t 
New Zealand sea lions (Phocarctos 
hookeri), 233 
molt, 718 
Next-generation sequencing (NGS), 236, 
333 
Nile catfish (Clarias gariepinus), 362 
NIMS, see National Incident Management 
System (NIMS) 
NIST, see National Institute of Standards 
and Technology (NIST) 
Nitrobacter spp., 760 
Nitrosomona spp., 760 
Nitrous oxide, 573 
NMMTB, see National Marine Mammal 
Tissue Bank (NMMTB) 
NOAA, see National Oceanic and 
Atmospheric Administration 
(NOAA) 
NOAA Fisheries, 824 
Nocardia arcinia, 380 
Nocardia asteroides, 380 
Nocardia brasiliensis, 380 
Nocardia cyriacigeorgica, 380 
Nocardia levis, 380 
Nocardia otitisdiscavarium, 380 
Nocardia spp., 369, 899 
Nocardiosis, 380 
Nocotylidae, 477t 
Nodularia spumigena, 320t 
Nodularin, 320t 
Nodular thyroid hyperplasia, 283 
Noise exposure, on marine mammals, 
278 
Nonenzymatic antioxidant, 299 
Noninfectious diseases, 267-284 
cardiovascular system, 283-284 
congenital defects, 268, 269t-270t 
digestive system, 281-282 
endocrine system, 283 
gas and fat emboli syndrome, 278-279 
genitourinary system, 282-283 
integumentary system, 279-280 
lymphoid system, 284 
musculoskeletal system, 280-281 
neoplasia, 268, 271t-275t 
nervous system and special senses, 284 
noise exposure, 278 
overview, 267 
respiratory system, 281 
trauma, 276-278 
anthropogenic, 277-278 
interspecific, 276-277 
intraspecific, 276 
UGC in California sea lions, 268, 
275-276 


Non-MHC genes, 233 
polymorphisms in, 236 
Nonsteroidal anti-inflammatory drugs 
(NSAIDs), 611, 911, 958 
Norepinephrine (NEpi), 156 
Normal older animal, 512 
Noroviruses, 51 
diagnosis, 343 
epidemiology, 343 
public health significance, 343 
virology, 342 
North Atlantic right whale (Eubalaena 
glacialis), 277, 321, 444t, 446t, 570, 
837 
individual energy budget, 712 
Northern elephant seals, see Elephant 
seals/Northern elephant seals 
(Mirounga angustirostris) 
Northern fur seal (Callorhbinus ursinus), 50, 
172, 257, 268, 270t, 275t, 283, 284, 
306, 322, 324t, 341, 343, 345, 428t, 
435t, 437t, 483, 484, 746, 909, 
1018t, 1023 
formulas for, 746 
tag loss for, 774 
Northern right whale dolphins issodelphis 
borealis), 283 
Northern sea otter (E. 1. Renyoni), 969 
Nostril sampling, 877 
Novartis, 419 
Noxafil, 419 
NRDA, see Natural Resource Damage 
Assessment (NRDA) 
Nudacotyle spp., 475, 477t 
Nudacotyle undicola, 961 
Nudacotylidae, 477t 
Nutraceutical antioxidants, 534 
Nutramigen, 749 
Nutrition and energetics, 696-726 
converting energy requirements into 
food intake requirements, 706-710 
calculating food intake requirements, 
711-712 
digestive efficiency, 708 
fecal and urinary energy losses, 
708-709, 711 
heat increment of feeding, 711 
gestation and lactation, 702-703 
cetaceans, 706 
manatees, 706-707 
otariids, 706 
phocids, 705 
polar bear, 707 
sea otter, 706 
growth, 707-708 
introduction, 696 
locomotion, 702-704 
major nutritional disorders, 721-725 
hemochromatosis, 725 
hyponatremia, 724-725 


Index 1109 


other prey contaminants, 725 
thiamine deficiency, 719-720 
vitamins A, D, and E deficiency, 
722-724 
vitamins C deficiency, 724 
marine mammal nutrition, 718 
specific dietary needs, 719-722 
metabolic rate, 697-700 
thermoregulation, 699 
cetaceans, 700-701 
manatees, 702 
otariids, 700 
phocids, 699-700 
sea otters, 701-702 
understanding basic energy 
requirements, 696-697 
ways of estimating food energy 
requirements, 712-715 
calculating an individual energy 
budget, 710-711 
using food ingestion estimates from 
past captive studies, 714-715 
using mammalian allometric 
equations, 713-714 
when requirements do not equal intake, 
716-718 
fasting and starvation, 716-717 
molt, 717-718 
Nystatin, 397t, 398t, 399t, 400t, 418t, 419 


O 


Oak leaves (Quercus spp.), 758 
Obstructive emphysema, 281 
Octachlorostyrene (OCS), 305 
Ocular and nasal discharge, 346 
Ocular disease 
in captive pinnipeds, 763, 764 
in cetacean, 900 
in pinnipeds, 758 
Odhneriella, 476t 
Odobenidae (walruses), 333 
Odobenids; see also Anesthesia 
emergencies, 595 
field immobilization, 594 
induction, 591, 594 
inhalation anesthesia, 594 
intubation, 594 
monitoring, 594 
sedation, 591, 592t-593t 
support, 594-595 
Odobenus rosmarus, see Walrus (Odobenus 
rosmarus) 
Odobenus rosmarus divergens (Pacific 
walrus), 913, 935, 1020t, 1024 
Odobenus rosmarus rosmarus (Atlantic 
walrus), 1020t, 1024 
Odontocetes, 261 
Odontoceti, 476t-477t 
Ogmogaster spp., 477t 


Oil spills 
effects on marine mammals 
cetaceans, 22-23, 23f 
pinnipeds, 21-22 
polar bears, 23 
sea otters, 21 
sirenians, 23 
Exxon Valdez oil spill (EVOS), 1989, 
19-20 
general oil toxicity, 20 
general response to, 23-24 
Macondo 252/Deepwater Horizon Spill 
(DWH), 20 
mass mortality of marine mammals 
and, 6 
overview, 19-20 
response and effects, 19-31 
wildlife response activities during, 24, 
25f 
cleaning, 29-30 
hazing, 24-26 
intake, 28-29 
postwash care, release, 
and postrelease monitoring, 30-31 
prewash care, 29 
processing, 27-28 
safety, 24 
search and collection, 26-27 
transport, 27 
Oil toxicity (general), 20 
Okadaic acid (OA), 320, 321 
Omega-3 fatty acids, 534 
Omics approach, 223; see also specific 
entries 
Omikronpapillomavirus, 351 
Onchoceridae, 478t 
One Health concept, 297, 309-310 
Opaleye perch (Girella nigricans), 343 
Open reading frames (ORFs), 351 
Open-water captures, 859 
Open-water pursuit method, 865 
Operant conditioning, 872; see also Medical 
training of cetaceans/pinnipeds 
Operations Section, of ICS, 24 
Ophthalmic ultrasound, 545, 548 
Ophthalmology 
cetaceans 
antimicrobial therapy for corneal 
lesions, 523 
cornea, 519-523 
eyelids, 518-519 
fundus, 524 
glaucoma, 524 
immunomodulatory therapy for 
keratopathy, 523-524 
lens, 524 
pinnipeds 
cataracts, 531 
cataract treatment, 530 
control of pinniped keratopathy, 530 


eyelids, 525 
fundus, 532 
glaucoma, 532 
juvenile california sea lion 
keratopathy, 526 
lens, 530 
lensectomy/phacoemulsification, 
530-532 
otariid keratopathy, 526 
phocid keratopathy, 528 
pinniped keratopathy, therapeutic 
strategies for, 530 
pinniped keratopathy, treatment 
protocol for, 529 
walrus keratopathy, 529 
Opisthorchiidae, 476t 
Opisthotrema spp., 475, 476t 
Opisthotrematidae spp., 476t 
Opportunistic fungi, 413-414 
Oral doxycycline, 523 
Oral examination, 506-509, 876-877, 
see also Dentistry 
Oral terbinafine, 912 
Oral ulcerations, 379 
Orca orcinus, see Killer whales 
(Orca orcinus) 
Orcinocyamus spp., 478t 
Organochlorines (OCs), 302-304 
on immunocompetence and epizootics, 
304-305 
pesticides and metabolites, 303-304 
on reproduction and some endocrine 
systems, 304 
Organohalogens (OHs), 302-303, 305-306 
Organophosphate toxicity, 598 
Orthohalarachne diminuata, 487 
Orthohalarachne spp., 478t, 487 
Orthosplanchnus, 476t 
Orthosplanchnus arcticus, 475 
Orthosplanchnus fraterculus, 475 
Oschmarinella, 476t 
Oschmarinella albamarina, 479 
Osmoregulatory hormones, 145-146 
Osteoarthritis, in sea otter, 982 
Osteomyelitis of skull, 280 
Otaria byronia (South American sea lions), 
276, 348, 350, 428t, 437t 
Otaria flavescens, see South American sea 
lions (Otaria flavescens) 
Otariidae, 343, 345, 478t 
Otariid females, fasting and starvation, 
717 
Otariid keratopathy, 526 
Otariids, 914; see also Anesthesia 
abdominal pain, 914 
blood collection, 854 
blood examination, 852-853 
emergencies, 583-584 
feeding frequency and daily 
requirements, 746 
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field immobilization, 581-582 
gestation and lactation, 706 
induction, 576 
inhalation anesthetics, 581 
monitoring, 582-583 
pneumonia, 917 
sedation, 576, 577t-580t 
support, 583 
thermoregulation, 700 
Otariid testes, 925 
Otarine herpesvirus (OtHV), 268, 345t, 346, 
347 
Otariodibacter oris, 376, 914 
Otic effects, 612 
Otoliths, 260-261 
Otostrongylus circumlitus, 284, 484-485 
Otostrongylus larvae, 918 
Otostrongylus spp., 478t 
Ototoxicity, 612 
Otters 
Brucella spp. and, 374 
marine (Lutra felina), 334 
Pasteurella sp., 377 
sea (Enhydra lutra), see Sea otters 
(Enhydra lutris) 
Out-of-habitat situations, stranding 
response and, 11 
Ovaries, marine mammal necropsy, 262 
Ovulation, in cetaceans, 184 
asymmetry of, 184 
induction of, 196-197 
manipulation and control of, 197 
synchronization of, 197 
Oxacillin, 376 
Oxford English Dictionary, 64 
Oxygen economy, and dive response, 
83-84, 83f 
Oxytocin (OT), 140, 188, 324 
lactation in pinnipeds, 174 
milk collection, 176 
Ozone, 760 


P 


Pacific bottlenose dolphin (Tursiops 
truncatus gilli), 547, 570 

Pacific harbor seal (Phoca vitulina 
richardsi), 54 

Pacific walrus (Odobenus rosmarus 
divergens), 913, 935, 1020t, 
1024; see also Walrus (Odobenus 
rosmarus) 

Pacific white-sided dolphin 
(Lagenorhynchus obliquidens), 
272t, 282, 344t, 430t, 436t, 1023 

Pagopbhilus groenlandicus (harp seal), 
48, 234, 273t, 302, 333, 345t, 393t, 
407t, 409t, 427t, 444t, 446t, 1024 

Pain management, in cetacean, 898-899 

Pallor, 320 


Pancreas, 143-144 
Pancreatitis, 282 
Panniculitis, 377 
Pantropical spotted dolphin (Stenella 
attenuata), 701, 1007t 
Papillomas, 352 
Papillomaviruses (PVs), 268, 333, 347, 
351-353 
clinical signs, 351-352 
diagnosis, 352 
epidemiology, 352-353 
host range, 351 
pathology, 352 
public health significance, 353 
therapy, 352 
vaccine, 352 
virology, 351 
Paracoccidioides brasiliensis, 404t-405t, 
414, 420 
Paracoccidioidomycosis ceti, 413, 414 
Paradujardinia halicoris, 482 
Paradujardinia spp., 477t, 482 
Parafilaroides decorus, 343, 485 
Parafilaroides spp., 478t, 485 
infestation, 917 
Parainfluenza viruses 
clinical signs, 337 
diagnosis, 337 
epidemiology, 337 
host range, 337 
pathology, 337 
public health significance, 337 
therapy, 337 
virology, 337 
Parallel superficial skin lesions (“rake 
marks”), 276 
Paralytic agents, 685; see also Drugs for 
euthanasia 
Paralytic shellfish poisoning (PSP), 320 
Paramyxoviruses, 333 
Parapoxviruses, 333 
Parasite, defined, 472 
Parasite isolation, via cell culture and 
mouse bioassay, 453, 454 
Parasite prophylaxis, in cetacean, 891 
Parasitic arthropods, 487-488; see also 
Helminths and parasitic 
arthropods 
Parasitic infections, 961 
Parasitic zoonoses 
Cryptosporidium spp., 56 
Giardia spp., 56 
Toxoplasma gondii, 55 
Trichinella spp., 55-56 
Paratenic/transport host, defined, 474 
Parathyroids 
gross anatomy of, 114 
microscopic anatomy of, 116 
Parenteral nutrition (PN), 916 
Particulate organic carbon (POC), 760 


Parturition 
in cetaceans, 187-188 
induction of parturition, 189 
stages, 188, 188t 
induction of, in pinnipeds, 176 
Parvoviruses, 343t 
Passive infrared transponder (PIT) tags, 753 
Passive integrated transponder (PIT), 771, 863 
Pasteurella hemolytica, 376 
Pasteurella multocida, 376 
Pasteurella spp., 369, 376 
Pasteurellosis, bacterial infections and, 375-377 
Patagonian sea lions (Otaria flavescens), 
53, 562 
Patagonian sea lions (Otaria byronia), 878 
Pathogen detection, genetic tools for, 239 
Pathogenicity, fungal infections, 412 
Pathology 
adenoviruses, 353, 355 
caliciviruses, 342 
coronaviruses (CoVs), 341 
environmental toxicology, see 
Environmental toxicology 
gross necropsy, see Gross necropsy, 
marine mammal 
harmful algae and biotoxins, see 
Harmful algal blooms (HABs) 
herpesviruses, 346-347 
influenza viruses, 338, 339, 341f 
morbilliviruses, 334-336 
noninfectious diseases, see 
Noninfectious diseases 
papillomaviruses, 352 
parainfluenza viruses, 337 
poxviruses, 349-350 
PBDEs (polybrominated diphenyl ethers), 
303, 305, 307, 310 
PCBs (polychlorinated biphenyls), 298, 302, 
303, 304, 305, 306, 307, 310 
PCR, see Polymerase chain reaction (PCR) 
Peale’s dolphin (Delphinus delphis), 269t 
Pectoral limb complex, 129 
Pelodera strongyloides, 487, 912 
Pelvic limb complex, 129-130 
Penicillin, 376, 379 
gastric protectants, 919 
Pennella balaenopterae, 488 
Pennella spp., 472, 479t, 488 
Pennellids, 488 
Pentachlorophenol, 303 
Penthrite grenade harpoons, 688 
Peponocephala electra (melon-headed 
whales), 11, 336, 344t 
Percavirus spp., 345t, 346 
Periarterial venous rete (PAVR), 826 
Pericardium, gross anatomy of, 113-114 
Perinatal examination and sampling, 
necropsy, 256 
Periodontal disease, 504, 505b, 512; see also 
Dentistry 
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Periodontal ligaments (PDLs), 829 
Peritonitis, by Pasteurella multocida, 995 
Permanent dentition, 503 
Permanent short-term memory loss, 320 
Permeant threshold shifts (PTS), 278 
Persistent organic pollutants (POPs), 146, 
306, 819-820 
Personal equipment, for whale 
disentanglement, 40f, 41 
Personal floatation devices (PFDs), 41 
Personal protective equipment (PPE), 24 
Personnel, for whale disentanglement, 41 
Peste-des-petits ruminants virus (PPRV), 
334 
Pesticides, OC, 303-304 
Petroleum, 20; see also Oil spills 
toxicity of, 20 
PFDs, see Personal floatation devices (PFDs) 
Pfizer, 417-418 
Phacoemulsification, 530-532 
Phagocytosis, 217, 217f, 218f 
Pharmaceuticals and formularies 
dose scaling, 609 
drug dosages 
for Cetaceans, 612t—632t 
for Pinnipeds, 634t-654t 
for Polar Bears (Ursus maritimus), 
664t-666t 
for Sea Otters (Enhydra lutris), 
658t-663t 
for Sirenians, 655t—657t 
drug interactions/adverse effects 
antiulcer medications, 612-613 
dermal effects, 612 
gastrointestinal (GD effects, 611 
hematologic effects, 612 
hepatic effects, 610-611 
life-threatening adverse reactions, 610 
musculoskeletal effects, 612 
nervous system effects, 611-612 
otic effects, 612 
renal effects, 611 
steroids, 613 
drugs for marine mammals, 608t 
overview, 607-608, 608t 
routes for administering drugs to, 608-609 
Pharurus alatus, 486t 
Pharurus asiaorientalis, 486t 
Pharurus pallasti, 485, 486t 
Pharurus spp., 478t 
Phenobarbital, 324 
Phenothiazines, to treat cetacean, 895 
PhHV (phocid herpesvirus), 332, 333, 345t, 
346, 347 
Philophthalmus spp., 472, 476t 
Philophthalmus zalophi, 475 
Philophthamidae, 476t 
Phlebotomus spp., 448 
Phlebotomy, 282 
Phoca fasciata (ribbon seals), 1024 


Phoca groenlandica (harp seals), 21-22, 584 
Phoca hispida, see Ringed seals (Phoca 
hispida) 
Phoca largha (spotted seals), 298, 343, 371, 
427t, 434t, 1015t 
Phocarctos hookeri (Hooker’s sea lions), 
276, 307, 428t 
Phocarctos hookeri (New Zealand sea 
lions), 233 
Phocascaris spp., 477t, 482 
Phoca vitulina, see Harbor seals (Phoca 
vitulina) 
Phoca vitulina richardsi (Pacific harbor 
seal), 54 
Phocidae, 478t 
Phocid herpesvirus (PhHV), 332, 333, 345t, 
346, 347 
Phocid keratopathy, 528 
Phocids; see also Anesthesia 
blood collection, 853 
blood examination, 852 
cardiovascular system, 918 
emergencies, 590-591 
field immobilization, 589 
induction, 584, 589 
inhalation anesthesia, 589 
intubation, 589 
monitoring, 589-590 
sedation, 584, 585t-588t 
support, 591 
Phocid seal pups, postweaning fast of, 716 
Phocid seals, molt, 717 
Phocine distemper virus (PDV), 305, 333, 
334, 335, 336, 337, 917; see also 
Morbilliviruses 
Phocine herpesvirus-1 (PhHV-1), 917 
Phocine morbillivirus (PMV), 7 
epizootics of, 7 
Phocitrema spp., 476t 
Phocoena phocoena (harbor porpoises), 22, 
51, 214, 269t, 272t, 280, 302, 304, 
305, 332, 333, 342, 343, 344t, 369, 
370, 375, 376, 390, 393t, 398t, 401t, 
402t, 403t, 408t, 409t, 430t, 433, 
434t, 436t, 438t, 444t, 446t, 479, 
557, 1007t, 1023 
feeding frequency and daily 
requirements, 740 
Phocoena spinipinnis (Burmeister’s 
porpoises), 348, 349f, 351f, 352 
Phocoenidae, 486t 
Phocoenobacter uteri, 376 
Phocoenoides dalli (Dall’s porpoises), 22, 
304, 338, 390, 401t, 1023 
Pholeter spp., 476t, 479 
Phopivirus, 355t 
Phorbol myristate acetate (PMA), 218 
Phoronts, 472 
Photobacterium damselae, 374-375 
Photogrammetry, 855 


Photographs, necropsy examinations and 
specimen collection, 253-254 
Phyllobothriidae, 477t 
Phyllobothrium spp., 479 
Physeter catodon (sperm whale), 269t, 272t, 
437t, 438t, 477t 
Physeter macrocephalus (sperm whales), 4, 
37, 92, 259, 276, 341, 428t, 434t, 
437t, 447t, 477t 
Physeter microcephalus (stranded sperm 
whale), 450, 483 
Physical examination, of cetacean, 891 
hands-on examination, 892 
body weight, 893 
milk analysis, 893 
stool analysis, 892-893 
ultrasonography/radiography, 893 
upper respiratory tract evaluation, 893 
urinalysis, 892 
history, 891 
visual examination, 891-892 
Physical examination, protozoan parasites, 
451 
Physical methods of euthanasia; see also 
Euthanasia 
about, 685-686 
ballistics, 686-687 
explosives, 687-688 
exsanguination, 688 
Physiological control, of dive response 
hormonal regulation, 84 
nervous system control, 84 
Physiologic factors, stress response, 159-160 
Physiology, of reproduction, 170-171 
Phytohemagglutinin (PHA), 170 
Picobirnaviruses, 342t 
Picornaviruses, 342t 
Picture archive and communication systems 
(PACS), 538 
Piloerection, 320 
Pilot whale (Globicephala malaena), 26%t, 
272t, 282, 305, 334, 330, 339, 369, 
372, 418t, 428t, 437t, 1023 
Pilot whale (Globicephala spp.), 4, 50 
vitamin E deficiency, 724 
Pilot whale morbillivirus (PWMV), 334 
Pineal gland, 121, 144-145, 170 
reproductive function, 170-171 
Pinniped hand-rearing formulas, 744t 
Pinniped keratopathy 
control of, 530 
therapeutic strategies for, 530 
treatment protocol for, 529 
Pinniped reproduction, 171-178 
abnormalities, 177-178 
female, 171-174, 171t 
concentration, 176 
embryonic diapause and reactivation, 
173-174 
estrous cycle, 171-172 
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implantation and active gestation, 174 
lactation, 174 
physiology and behavior, control of, 
176 
pregnancy and pseudopregnancy, 
172-173 
reproductive cycle, 171, 171t 
induction of parturition or abortion, 176 
male, 174-175 
anatomy, 172-175 
concentration, 176-177 
physiology and behavior, control of, 
176-177 
seasonality, 175 
sexual maturity, 175 
measurement and control, 175-178 
milk collection, 176 
pregnancy diagnosis, 175-176, 176f 
Pinnipeds, 743-744, 1023-1024, 1036-1085; 
see also Medical training of 
cetaceans/pinnipeds; specific entries 
about, 545 
age, estimation, 261, 262 
amputation of phalanges, 922 
anatomy, 524-525 
bacterial respiratory disease in, 370 
bile, collection, 263 
brucellosis, 373-374 
cardiac insufficiency, 918 
cardiovascular system, 918 
anemia, 918 
disseminated intravascular 
coagulation (DIC), 918 
cataracts, 920 
clade, 333t 
congenital abnormalities, 525 
DA on, 322 
digeneans in, 475, 476t—478t, 479 
digestive system 
enteritis, 915 
gastritis/gastric ulcers, 915 
gastrointestinal disease, 916 
gastrointestinal parasites, 915 
hemochromatosis, 915 
hepatitis, 915 
oral lesions, 914 
pancreatic disease, 915-916 
diseases, 911 
drug dosages for, 634t-054t 
emaciation, 281 
endocrine system, 920 
epizootics of morbillivirus in, 7 
eyes, 920 
gastric and proximal intestinal erosions 
and ulcerations, 281 
gross anatomy, see Gross anatomy 
herpesviruses, 333t 
hyperthermia in, 764 
hypoxia in, 284 
integumentary system 


acanthosis, 913 
alopecia, 912 
bacterial infections, 912 
dermal lesions, 911 
herpesviruses, 912 
hyperkeratosis, 913 
morbillivirus dermatitis, 912 
rare neoplastic diseases, of skin, 913 
San Miguel sea lion virus, 911 
traumatic skin wounds, 913 
Trychophyton rubrum infection, 912 
interspecific trauma, 277 
intraspecific trauma, 276 
keratinophilic fungi in, 414 
leptospirosis, 379 
mass strandings and UMEs affecting, 
6-8, 7t 
microanatomy of integument, 111-112 
microscopic anatomy, see Microscopic 
anatomy 
musculoskeletal system, 913-914 
musculoskeletal system, 913 
neoplastic diseases, 914 
sarcocystis infection, 914 
mycobacterial infections, 377-378 
nervous system, 920 
biotoxin exposure, 921 
brain lesions, 921 
Eastern Equine encephalitis (EEE), 921 
protozoal/bacterial/fungal infections, 
921 
thiamine deficiency, 921 
West Nile Virus (NV), 921 
neurologic disease, 920 
nocardiosis, 380 
ocular disease in, 758 
ocular disease in captive, 763, 764 
oil effects on, 21-22 
ophthalmic diseases of 
cataracts, 530 
cataract treatment, 530 
eyelids, 525 
fundus, 532 
glaucoma, 532 
juvenile California sea lion 
keratopathy, 526 
lens, 530 
lensectomy/phacoemulsification, 
530-530 
otariid keratopathy, 526 
phocid keratopathy, 528 
pinniped keratopathy, control of, 530 
pinniped keratopathy, therapeutic 
strategies for, 530 
pinniped keratopathy, treatment 
protocol for, 529 
walrus keratopathy, 529 
ophthalmic problems, 910 
parapoxviruses, 348, 350 
pasteurellosis, 376 


pathology in, 335 
phocid seals, 743-744 
physiology, 525 
proposed tolerance, 299 
respiratory system, 917 
influenza virus, 917 
pneumonia, 917 
pulmonary granulomas, 917-917 


sodium chloride for salinizing water, 764 


surgical procedures, 922-925 
taxon-specific considerations, 806 
thiamine deficiency, 921 
treatment, 334 
urogenital system 
abortions/stillborn pups, 919 
leptospirosis, 919 
renal disease, 919 
tumors, 919 
uterine torsions, 919 
Vibrio spp., 375 
Pinniped skull, 924 
Piperacillin, 416 
Piroxicam, 268 
Piscine coprophagy, 485 
Piscivorous aquatic mammals, 534 
PIT tags, 775 
in manatees, 782, 784-785 
Pituitary gland, 121, 139-140, 156 
Place, for medical training, 874 
Placental examination and sampling, 
necropsy, 256 
Placentonema gigantisma, 483 
Placentonema spp., 478t, 482 
Planilamina magna, 448t, 450 
Planilamina ovata, 448t, 450 
Planktothrix spp., 320t 
Plasma fibrinogen, in cetacean 
hematology/serum chemistry, 893 
Plasmodium spp., 440 
Plastic bead filters, 760 
Plastic cattle ear tags, 778 


harbor porpoises (Phocoena phocoena), 


778 

Plasticizers, 307-308 

Plastic tags (Temple brand), 785 

Platanista gangetica (Ganges river 
dolphin), 283 

Platelet-rich plasma, skin wounds, 913 

Platforms, whale disentanglement, 41 

Platycamus spp., 478t 

Platylepas spp., 478t 

Pleomorphic liposarcoma, 913 

Pleural cavities and lungs, gross anatomy 
of, 114 

Pleuritis, by Pasteurella multocida, 995 

Plicobothrium spp., 477t 

Pneumocystis jiroveci, 416 

Pneumonia, 346, 354t, 370, 375, 380, 475 

acute multifocal necrosuppurative, 377 


acute suppurative bronchopneumonia, 281 
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aspiration, 281 
broncho-interstitial, 337 
bronchopneumonia, 485 
chronic low-grade, in cetacean, 994 
concurrent parasitic, 338 
hemorrhagic, 338, 339 
interstitial, 334, 335, 335 
Klebsiella pneumonia, 369 
in otariids, 917 
parainfluenza virus, 337 
suppurative, 450 


Pneumoperitoneum, 961 
Pneumothorax, 961 
Polar bears (Ursus maritimus), 50, 270t, 


279, 302, 307, 309, 334, 371, 374, 
426, 431t, 432t, 434t, 437t, 444t, 
446t, 475, 477t, 739, 1021t, 1024; 
see also Anesthesia 
AWA regulations, 992 
behavior, 992 
biliary adenocarcinomas, 994 
calcium deficiencies, 994 
catchpole, 993 
climate warming, 989 
corpus luteal (CL) growth, 991 
dental disease, 995 
developmental/anomalous diseases, 994 
drug dosages for, 664t-666t 
dystocia, 991 
endocrinology, 991 
reproductive hormones, 991 
thyroid hormones, 991 
feeding frequency and daily 
requirements, 754 
formulas, 753-754 
free-ranging bears, 990 
gastric dilatation, 894 
gestation and lactation, 704, 707 
hand-rearing formulas, 752t 
hibernation induction trigger (HIT), 990 
housing, 992 
hypospadias, 994 
infectious diseases, 994 
bacterial diseases, 995 
mycoses, 995 
parasites, 995 
viral diseases, 994-995 
inhalant allergic dermatitis (atopy), 996 
inhalation anesthesia, 599, 601 
liver, vitamin A, 990, 991 
male reproductive anatomy, 175 
mean rectal temperature of, 990 
minimum horizontal dimension (MHD), 
992 
monitoring, 601 
natural history/physiology, 989-990 
neoplasia, 994 
nutrition, 990-991 
nutritional diseases, 994 
oil effects on, 23 


other practical information, 754 
physical examination, 993 
complete blood count (CBC), 993 
electrocardiogram (ECG), 993 
radiographs of limbs, 993 
pool and exhibit design, 758 
with rabies, 51 
renal failure, 994 
reproduction, 991 
restraint, 993 
sedation, 599, 600t 
skin disease, 995-996 
support, 591 
taxon-specific considerations, 807 
teaching animals, 993 
testosterone levels in male, 991 
toxins, 996 
training, for veterinary procedures, 
992-993 
trauma, 996 
venipuncture, 994 
vitamin A-rich additive, 994 
vitamin D, 991 
volvulus, 994 
weaning, 754 
West Nile virus, 994 
zonary endotheliochorial placenta, 991 
Pollock (Theragra chalcogramma) diets, 711 
Polybrominated biphenyls (PBBs), 305 
Polybrominated diphenyl ethers (PBDEs), 
303, 305, 307, 310 
Polychlorinated biphenyls (PCBs), 298, 302, 
303, 304, 305, 306, 307, 310, 900, 914 
Polychlorinated terphenyls (PCTs), 305 
Polycyclic aromatic hydrocarbons (PAHs), 
262-263 
Polycyclic/polynuclear aromatic 
hydrocarbons (PAHs), 20, 21 
Polydipsia, 379 
Polyenes, 419 
Polymerase chain reaction (PCR), 333, 347, 
373, 370, 378, 391t, 393t, 416, 433, 
454 
Polymethylmethacrylate (PMMA), 922 
Polymorphidae, 477t 
Polymorphisms 
in non-MHC genes, 236 
screening for, 236 
Polyomavirus, 333, 355t 
Polypocephalus spp., 477t, 479 
Polyurethane, 775 
Ponazuril, 454 
Pontoporia blainvillei (Franciscana 
dolphins), VHF tags in, 778 
Population health assessment study design, 
813-820 
Case 1: intervention study—recovery 
and enhancement in Hawaiian 
monk seals, 816-817 
emerging health threats, 816 


translocation, 816 
vaccination, 816 
Case 2: assessment of injury to 
bottlenose dolphins after the 
deepwater horizon oil spill, 
817-818 
Case 3: effect-driven assessment using 
a multifactorial study design— 
harbor seals in Scotland, 818-819 
comparing pup survivorship, 818 
health assessment and exposure 
identification using live capture— 
release, 818 
mark-recapture cohort study and 
population model, 818-819 
strandings, 819 
Case 4: effect-driven assessment using 
a case-control study design— 
cancer in California Sea Lions, 
819-820 
introduction, 813-814 
population health assessments, terms 
defined, 815b-816b 
reference intervals and sample sizes, 814 
study design selection, 814-815 
Population impacts, environmental 
toxicology, 306-307 
Population implications, environmental 
toxicology, 309-310 
Porcine zona pellucida vaccine (PCP), 176 
Posaconazole, 391t, 395t, 406t, 407t, 408t, 
410t, 411t, 414, 417, 418t, 419, 420 
Positioning and compression device (PCD), 
924 
Positive reinforcement, 891 
Postmortem diagnosis, whale entanglement 
response, 43-44, 44f 
Postmortem sperm rescue, in cetaceans, 
195-196, 196f 
Postpartum anxiety medication, 739-740 
Postrelease monitoring, after oil spills, 
30-31 
Post-thoracic vertebrae, 129 
Postwash care, after oil spills, 30-31 
Postweaning fast of phocid seal pups, 716 
Potassium chloride (KCL, 684-685; see also 
Drugs for euthanasia 
Poxviruses, 49, 348-351 
clinical signs, 348-349 
diagnosis, 350 
epidemiology, 350-351 
host range, 348 
pathology, 349-350 
public health significance, 351 
therapy, 349 
virology, 348 
Poxvirus infections, 911 
Praziquantel, 475 
for cetacean, 991 
Prednisolone, 382t 
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Prednisone, for hydration, 897 
Pre-euthanasia sedation and analgesia, 
682-683 
Pregnancy 
in cetaceans 
beluga, 186 
bottlenose dolphins, 185, 186f 
diagnosis, 186-187, 187f 
killer whales, 186 
in pinnipeds, 172-173 
diagnosis, 175-176, 176f 
Preservation, helminths and parasitic 
arthropods, 472-474 
Pretransport behavioral conditioning, 800 
Prevalence, of protozoal infection, 454 
Preventative medicine program, in 
cetacean, 889 
parasite prophylaxis, 891 
vaccinations, 890 
wellness checks, 890 
Prevention, of protozoal infection, 456 
Prewash care, oil spills and, 29 
Prey contaminants, 725 
Prey quality, considerations for, 721 
Priapocephalus spp., 477t 
Primary response vessel (PRV), 41, 42 
PRN Pharmacal, 455 
Procavia capensis, 346 
Procedures, whale entanglement 
response, 42 
Processing, oil spills and, 27-28 
Procuraduria Federal de Proteccién al 
Ambiente (Mexico), 250 
Production energy, 696 
Proechinophthirus spp., 478t 
Profilicollis spp., 480 
Progestagens, 188 
Progesterone, 170 
pinnipeds, 172 
monitoring of, 173 
in pseudopregnancy, 185 
Progestin medroxyprogesterone acetate, 
192 
Prognosis 
HAB toxins 
California Sea Lions with DA 
toxicosis, 324 
manatees with brevetoxicosis, 324 
protozoan parasites 
enteric and respiratory protozoa, 455 
systemic apicomplexans (7: gondii, 
Sarcocystis spp., and Neospora 
spp.), 454-455 
Proinflammatory cytokines, 214-215, 215t 
Prolactin (PRL), 140, 159, 170-171 
Propeller-induced lesions, 278 
Prophylaxis, 534 
fungal infections, 419-420 
Propofol, 595 
Pro-proteins, 214 


Propspeed™, 781 
Prorocentrum spp., 320t, 321 
Prostaglandins, 188, 324 
Prosthetics, 881 
Protazil®, 455 
Protected contact, 881; see also Medical 
training of cetaceans/pinnipeds 
Proteomics (proteins), 223 
Proteus mirabilis, 337 
Proteus spp., 370, 371 
Proteus vulgaris, 337, 370 
Prothrombin time (PT), 960 
Protocols 
anesthetic; see also Anesthesia 
choice of, 568 
invasive techniques, 570 
monitoring of physiologic 
parameters, 568-569 
noninvasive techniques, 569 
preanesthetic examination, 568 
necropsy, 251-252 
Protozoan parasites, 426-460 
amoebae, 450-451 
diagnosis, 451-454 
clinical chemistry and hematology, 
451 
clinical signs, 451 
fecal smears, wet mounts, fecal 
flotation, and immunofluorescent 
staining, 452-453 
histopathology, 453, 454 
immunohistochemistry, 454 
parasite isolation via cell culture and 
mouse bioassay, 453, 454 
PCR testing, 454 
physical examination, 451 
serology, 451-452 
TEM, 454 
enteric apicomplexa, 440, 441, 442, 
443t-444t 
Cryptosporidium spp., 442, 443t-444t 
Cystoisospora Usospora), 440, 441, 
443t-444t 
Eimeria spp., 441, 442, 443t-444t, 
445 
epidemiology and epizootiology, 
457-460 
climate and habitat change, 460 
disease outcome, 459-460 
risk factors, 458-459 
spatial distribution, 458 
transmission, 458 
flagellates, 442, 444-450 
Chilomastix/Hexamita spp., 447t, 449 
ciliates, 447t-448t, 450 
Giardia spp., 446t, 449 
Haematophagus megapterae, 447t, 
450 
Jarellia atramenti, Jarellialike, and 
Cryptobia spp., 446t-447t, 450 


Kyaroikeus cetarius, K. cetarius— like, 
Planilamina ovata, P. magna, and 
unidentified ciliates, 447t-448t, 
450 

trichomonads, 447t, 450 

Trypanosomes (Jrypanosoma and 
Leishmania spp.), 444, 446-449 

gross and microscopic lesions 

enteric protozoa, 457 

other, 457 

systemic apicomplexa, 456-457 

overview, 426 
prevention, 456 
systemic apicomplexa, 426-440 

haemosporidia, 439, 440 

Neospora caninum, 433, 434t 

Neospora caninum -like, 433, 434t 

other Sarcocystis spp., 439 

Sarcocystis neurona and S. neurona— 
like, 433, 434-438, 439, 440, 441 

Sarcocystis spp. associated with 
necrotizing hepatitis (S. canis, 

S. canislike/S. arctosi, and 
S. pinnipedi), 438, 439, 442 

Toxoplasma gondii, 420-432 

treatment and prognosis 

enteric and respiratory protozoa, 455 

systemic apicomplexans (7! gondii, 
Sarcocystis spp., and Neospora 
spp.), 454-455 

Proximal duodenal ulceration, 282 
PRV, see Primary response vessel (PRV) 
Pseudaliidae, 478t 
Pseudalius inflexus (ungworms), 373, 
484-487 
Pseudalius spp., 478t 
Pseudamphistomum spp., 476t 
Pseudomonas aeruginosa, 370, 371, 377, 
899 
Pseudomonas aureus, 370 
Pseudomonas putrefasciens, 369, 372 
Pseudomonas spp., 369, 370, 371, 412 
Pseudo-nitzschia spp., 320t, 321, 323, 843 
Pseudopregnancy 
in cetaceans, 184-185 
diagnosis, 186-187 
management, 185 
in pinnipeds, 172-173 
Pseudorca crassidens, see False killer 
whales (Pseudorca crassidens) 
Pseudostenurus spp., 478t 
Pseudostenurus sunameri, 486t 
Pseudoterranova decipens, 482 
Pseudoterranova spp., 477t, 482 
Pterygoid sac, 122-123 
Public communication, exercises to prepare 
for, 74b 
Public health significance 
adenoviruses, 355 
caliciviruses, 343 
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coronaviruses (CoVs), 341 
herpesviruses, 347 
influenza viruses, 340-341 
morbilliviruses, 337 
noroviruses, 343 
papillomaviruses, 353 
parainfluenza viruses, 337 
poxviruses, 351 
vesiviruses, 343 
zoonoses and, 47-57; see also Zoonoses 
Pulmonary angiomatosis, 281 
Pulmonary arteritis, 485 
Pulmonary aspergillosis, 416 
Pulmonary atelectasis, 281 
Pulmonary granulomas, Mycobacterium 
pinnipedii, 917 
Pulmonary hemorrhage, 485 
Pulmonary interstitial emphysema, 281 
Pulmonicola spp., 475, 476t 
Pulse oximetry, 574, 590 
Purple sea urchins (Strongylocentrotus 
purpuratus), 970 
Pusa caspica (Caspian seals), 333, 437t, 
443t, 480 
Pusa hispida (ringed seal), 1014t 
Pusa sibirica (baikal seal), 1024 
Pygidiopsis spp., 470t 
Pygmy killer whales (Feresa attenuata), 
448t 
Pygmy sperm whales (Kogia breviceps), 
282, 284, 429t, 436t, 438t, 446t, 
448t, 449 
feeding frequency and daily 
requirements, 740 
vitamin E deficiency, 724 
Pyloric ulceration, 282 
Pyogranulomatous pneumonic nocardiosis, 
380 
Pyometra, 371, 372 
Pyrazinamide, 378 
Pyrexia, 346 
Pyrimethamine, 455 
Pyrodinium bahamense, 320t 
Pyrosequencing, 416 


Q 


qPCR, see Quantitative PCR (qPCR) 
Quantitative PCR (qPCR), 237 
Quarantine, 455 


Quick Fix Pseudoranging (QFP) technology, 


784 
Quick setting epoxies, 776 
Quinolones, 369, 375 


R 

Rabies virus, 50-51 

Radiography, 539-541,880; see also 
Diagnostic imaging 


RADseq (restriction-site associated DNA 
sequencing), 235-236 
Ravuconazole, 420 
Reactivation, in pinnipeds, 173-174 
of blastocyst, 173-174 
Reactive oxygen species (ROS), 217 
ReBalance®, 455 
Receptor binding assays (RBA), 323 
Red algae (Acrochaetium secundatum), 970 
Reference intervals (RIs), 222 
Refugio oil spill (2015), 21 
Rehabilitation; see also Release 
animal well-being and, 71-72 
infectious agents detection and, 10 
of stranded animals, 9-10 
Reinforcement, 872-873; see also Medical 
training of cetaceans/pinnipeds 
Relaxin, 188 
Release; see also Rehabilitation 
after oil spills, 30-31 
of stranded animals, 9-10 
Renal and systemic amyloidoses, 282 
Renal disease, 919 
in cetacean, 902 
Renal effects, 611 
Renin, 145 
Renin—angiotensin—aldosterone system 
(RAAS), 145, 158 
Reovirus, 342t 
Reproduction, 169-199 
cetacean, 178-199; see also Cetacean 
reproduction 
artificial insemination, 194-199 
contraception and control of 
aggression, 192 
female, 178-189 
male, 189-192 
reproductive abnormalities, 193-194, 
193f 
overview, 169 
photoperiodic control of, 173 
physiology of, 170-171 
pinniped, 171-178; see also Pinniped 
reproduction 
female, 171-174, 171t 
male, 174-175 
measurement and control, 175-178 
publications, 169 
systems, OC on, 304 
Reproductive abnormalities 
in cetaceans, 193-194, 193f 
cystic follicles, 193, 193f 
dystocia and stillbirth, 193-194 
twinning, 194 
in pinnipeds, 177-178 
Reproductive cycle 
defined, 171 
female cetacean reproduction, 179-181, 
180t 
beluga whales, 181 


bottlenose dolphins, 179 
false killer whale, 179, 181 
killer whale, 179 
white-sided dolphin, 179 
female pinniped reproduction, 171, 
171t 
Reproductive maturity 
in cetaceans, 178 
beluga whales, 178 
bottlenose dolphins, 178 
false killer whale, 178 
killer whale, 178 
white-sided dolphin, 178 
Reproductive status, marine mammal 
necropsy, 262 
Research, animal well-being and, 71 
Respiratory burst, 217-218, 218f 
Respiratory endoscopy; see also 
Endoscopy 
about, 555-557 
flexible, 557-558 
rigid, 558 
Respiratory system 
Aspergillus infections, 413 
bacterial infections, 370 
fungal infections, 413, 415 
microscopic anatomy of, 115, 118f 
noninfectious diseases, 281 
protozoa, treatment and prognosis, 455 
Respirovirus (parainfluenza viruses), 333 
Resting metabolic rate (RMR), 697-698 
Restriction fragment length polymorphisms 
(RFLPs), 235-236 
Restriction-site associated DNA sequencing 
(RADseq), 235-236 
Retained roots, 513 
Reticulocyte counts, cetacean, hematology/ 
serum chemistry, 894 
Retrovirus, 342t 
Reverse transcription polymerase chain 
reaction (RT-PCR), 237, 239 
Reversible sedatives, 570 
RFLPs, see Restriction fragment length 
polymorphisms (RFLPs) 
Rhabdiopoeidae, 476t 
Rhabdiopoeus spp., 476t 
Rhabdomyolysis, 666 
Rhabdovirus, 354t 
Rhadinovirus spp., 346 
Rhinoscopy, 941 
Rhizomucor spp., 389, 407t-409t, 413 
Rhizopus spp., 389, 390, 407t-409t, 413 
Rhizopus stolonifer, 395t 
Rhodococcus equi, 371 
Rbopapillomavirus, 351 
Ribbon seals (Histriophoca fasciata), 343, 
427t, 434t, 1013t 
Ribbon seals (Phoca fasciata), 913, 1024 
vitamin E deficiency, 724 
Ribs, 128 
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Rickets, 280 
Rifampicin, 378 
Rifampin, 613 
Rigid laparoscopy techniques, 561 
Rinderpest virus (RPV), 334 
Ringed seal (Pusa hispida), 1014t 
Ringed seals (Phoca hispida), 21, 23, 261, 
273t, 282, 283, 302, 304, 321, 338, 
345t, 427t, 434t, 437t, 439, 443t, 
444t, 446t, 478, 697-700, 910, 913, 
990, 1024 
vitamin E deficiency, 724 
RIs, see Reference intervals (RIs) 
Risk factors, protozoan parasite infection, 
458-459 
Risso’s dolphins (Grampus griseus), 278, 
344t, 346, 429t, 438t, 483, 547, 
683 
RNAlater™, 254, 333 
RNAseq, 238 
ROS, see Reactive oxygen species (ROS) 
Rototags, 778 
Rough-toothed dolphin (Steno 
bredanensis), 348f, 395t, 406t, 
410t, 447t, 1023 
Roundworms, see Nematodes (roundworms) 
Routes for drug administration to marine 
mammals, 608-609 
Routine medical behaviors; see also 
Medical training of cetaceans/ 
pinnipeds 
blood sampling, 878-879 
blowhole or nostril sampling, 877 
body examination, 875 
eye examination, 875-876 
fecal sampling, 877-878 
gastric sampling, 877 
oral examination, 876-877 
radiography, 880 
ultrasound, 879 
weighing, 875 
RT-PCR, see Reverse transcription 
polymerase chain reaction 


(RT-PCR) 
S 
Sacral vertebrae, 129 
Safety 


oiled wildlife response, 24 

whale entanglement response, 41, 42 
Saimiri sciureus (squirrel monkeys), 340 
Saksenaea spp., 389, 390, 413 
Saksenia vasoformis, 409t 
Saliva, sample collection and handling, 

139 

Salmonella enterica, 52 
Salmonella enteritidis, 52, 372 
Salmonella haifa, 52 
Salmonella infections, 52 


Salmonella spp., 368, 369, 370, 372, 457 
Salmonella typhimurium, 52 
Sample collection and preservation, for 
genetic analyses, 239 
Sampling 
for bacteriology, 368, 369t 
necropsy 
fetal, placental, and perinatal, 256 
in situ gas, 259 
San Jorge oil spill (1997), 21 
San Miguel sea lion virus (SMSV), 50, 342, 
911 
Sapoviruses, 342 
Sarcocystis arctosi, 438, 439, 442 
Sarcocystis canis, 438, 439, 442 
Sarcocystis infection, 914 
Sarcocystis neurond, 8 
Sarcocystis neurona and S. neurona-like, 
433, 434-438, 439, 440, 441, 451, 
452, 453, 454, 455, 456-457, 458, 
459, 460 
Sarcocystis pinnipedi, 438, 439, 442 
Sarcocystis spp., 426, 433, 434-438-442, 
451, 454-455, 450-457 
Sarcoptes spp., 478t, 487 
Sarmazenil, 591 
Satellite-linked transmitters, 770 
Satellite tag design, 780-781 
Saxitoxins (STXs), 7, 320, 321, 322, 725 
Scammons pilot whale (Globicephala 
scammoni), 380 
Scant anechoic pericardial effusion, 545 
Scedosporium apiospermum, 402t 
Scedosporium spp., 417, 419 
Schizophyllum commune, 402t 
Scoliosis, 281 
Scomber scombrus (Atlantic mackerel), 321 
Scombroid poisoning, 725 
Scottish Marine Animal Strandings Scheme, 
819 
Scutavirus spp., 346 
Scutocyamus spp., 478t 
Seal finger, 51-52 
Seal heartworm, 483 
Sea lions; see also specific entries 
Australian (Neophoca cinerea), 372, 378, 
487 
California (Zalophus californianus), see 
California sea lions (Zalophus 
californianus) 
California and Steller, 922 
captive, 268 
cardiovascular system, 917 
dorsoventral and lateral radiographs, 
923, 924 
endocrine system, 920 
external features, 111, 96f-100f 
external _ xation device, 922 
Galapagos (Zalophus californianus 
wollebaeki), 371, 475, 476t 


Hooker's (Phocarctos hookeri), 276, 307, 


428t 
husbandry 
pools/haul-out areas/enclosures, 
909-910 
integumentary system, 911-913 
acanthosis, 913 
alopecia, 912 
bacterial infections, 912 
dermal lesions, 911 
herpesviruses, 912 
hyperkeratosis, 913 
morbillivirus dermatitis, 912 
rare neoplastic diseases, of skin, 913 
San Miguel sea lion virus, 911 
traumatic skin wounds, 913 
Trychophyton rubrum infection, 912 
novel papillomavirus, 912 
rhabdomyosarcoma, 914 
San Miguel sea lion virus, 911 
skin, rare neoplastic diseases of, 913 
South American (Otaria byronia), 276, 
348, 350, 428t, 437t 
South American (Otaria flavescens), 
273t, 371, 401t, 428t, 443t, 444t, 
4406t, 448t, 475 
steller (Eumetopias jubatus), 273t, 276, 
284, 301, 341, 343, 345, 348, 372, 
428t, 435t, 437t, 485 
thiamine deficiency, 921 
urogenital system, 919 
Sealpox, 49 
Sealpox viral infections, 911 
Seals; see also specific entries 
adipocytokines, 144 
contraceptives, 176 
diseases, 911 
external features, 111, 101f-105f 
gross anatomy, see Gross anatomy 
husbandry 
feeding, 910 
pools/haul-out areas/enclosures, 
909-910 
insulin—glucagon ratios, 143-144 
microscopic anatomy, see Microscopic 
anatomy 
omoregulatory hormones, 145 
oral nonsteroidal anti-inflammatory 
drugs, 920 
restrain pinnipeds, 910 
behavioral, 910 
chemical, 911 
mechanical, 911 
physical, 910 
Seals and sea lions, health assessment, 
837-843 
diagnostic techniques, 840-843 
history, 837-838 
physical examination, 839-840 
restraint, 838-839 
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Sea Mammal Research Unit (SMRU), 771 
Sea Otter hand-rearing formulas, 752t 
Sea otters (Enhydra lutris), 27, 90, 275t, 276, 


281, 282, 284, 298, 305, 321, 322, 
323, 324t, 334, 370, 374, 375, 390, 
403t, 404t, 426, 431t, 434t, 435t, 
436t, 438t, 475, 477t, 698, 700, 739, 
751-753, 969, 1021t, 1024; see also 
Anesthesia 
adult, dental formula of, 970 
age, 752 
agile climbers, 977 
alanine aminotransferase (ALT), 977 
aspartate aminotransferase (AST), 977 
auditory capabilities, 971 
blood collection, 975-977 
caliciviruses, 981 
canine distemper virus (CDV), 981 
cephalic vein, 976 
chemical agents/dosages, 973 
cleaning of, 30 
clinical chemistry, 977 
clinical examination, 973 
abdomen, 975 
cardiovascular system, 974 
head, 974 
integument, 974 
musculoskeletal system, 974 
respiratory system, 974 
urogenital system, 975 
decubital ulcers, 982 
delivery methods and techniques, 752 
dentistry, 984 
preventive medicine, 984 
dexmedetomidine, for sedation, 973 
Diplogonoporus tetrapterus, 980 
domoic acid—producing algal blooms, 
982 
drug dosages for, 658t-663t 
emergency drugs, 599 
Enhydra lutris papillomavirus 1 (EIPV-D, 
980 
exxon valdez oil spill, 972 
eyes, 971 
fecal coliform counts, 977 
feeding frequency and daily 
requirements, 752-753 
feeding/metabolism, 972 
female, 975 
gamma glutamyl-transferase (GGT), 977 
gastric ulceration, 980 
gastroenteritis, 980 
gestation and lactation, 706 
hematological/serum chemistry values, 977 
hemorrhagic gastroenteritis, 980 
hormone assays, in captive females, 972 
husbandry, 977-978 
hyperthermia, 974 
stress-induced, 973 
hypoglycemic, 979 


infectious disease, 980 
beta-hemolytic streptococci, 981 
caliciviruses, 981 
canine distemper virus (CDV), 981 
Enhydra lutris papillomavirus 1 
(EIPV-1L), 980 
influenza A viruses, 981 
mustelid herpesvirus-2, 980 
phocine distemper virus (PDV), 981 
West Nile virus (WNV)-—associated 
nonsuppurative encephalitis, 981 
influenza A viruses, 981 
inhalation anesthesia, 598 
injuries, from shark bite/boat strike, 982 
intestinal trematodes (Microphallus 
pirum), 980 
intubation, 598 
kidneys, 975 
lactate dehydrogenase (LDH), 977 
life history, 970-971 
liver, 971 
male reproductive anatony, 175 
marine plywood capture box, 978 
mass strandings and UMEs affecting, 
8, 8t 
medical abnormalities, 978 
cardiovascular, 982 
digestive, 980 
hyperthermia, 979-980 
hypoglycemia, 979 
hypothermia, 979 
infectious disease, 980 
integumentary, 981-982 
musculoskeletal, 982 
neoplasia, 983 
nervous system, 982 
ocular, 983 
respiratory, 983 
urogenital and reproductive, 983 
mesenteric lymph nodes, 975 
microanatomy of integument, 111-112 
molt, 717 
monitoring, 598 
multivitamin mineral supplementation, 
978 
newborn pups, 972, 979 
nutrition, 978-979 
oil effects on, 21 
oral lesions, 980 
Orthosplanchnus fraterculus, 980 
other practical information, 753 
phocine distemper virus (PDV), 981 
physical/chemical restraint, 972-973 
pool and exhibit design, 758 
postwash care, 31 
preanesthetic medications, 973 
premedication, with enteral 
gastrointestinal therapeutics, 973 
pretransport behavioral conditioning of, 
800 


Profilicollis altmani, 980 
protozoal encephalitides, 982 
pulmonary interstitial emphysema, 983 
pyometra/bacterial vaginitis, 983 
rapid gut transit time, 980 
restrain box, schematic drawings, 976 
restraint box, 973 
routine vaccination, 984 
saltwater, 977 
sedation and induction, 597-598, 597t 
semiretractable claws, 971 
serum-neutralizing WNV antibodies, 984 
sites for jugular/saphenous/femoral 
venipuncture, 975 
skin, 970 
social organization/reproduction, 
971-972 
support, 598-599 
surgery, 983-984 
taxon-specific considerations, 806-807 
thermoregulation, 701-702 
thoracic cavity, 971 
transportation of, 978 
urinalysis, -977 
uterine torsion, 983 
valvular vegetative endocarditis (VE), 
982 
vertebral column, 972vision/hearing, 971 
weaning, 753 
West Nile virus (WNV), 981 
wild pups survive, 972 
Search, wildlife 
decision-making process, 26 
oil spills and, 26-27 
Season, protozoan parasite infection, risk 
factor, 459 
Seasonality 
male cetacean reproduction, 191-192 
beluga, 191-192 
bottlenose dolphins, 191 
false killer whales, 191 
killer whales, 191 
white-sided dolphins, 191 
male pinniped reproduction, 175 
Seawater ingestion, 720 
Sedation, see also Anesthesia 
cetaceans, 570, 571t-572t 
odobenids, 591, 592t-593t 
otariids, 576, 577t-580t 
phocids, 584, 585t-588t 
polar bears (Ursus maritimus), 599, 600t 
sea otters, 597-598, 597t 
Sirenians, 595, 596t 
Sei whale (Balaenoptera borealis), 6, 232, 
269t, 271t, 341, 430t, 434t, 437t, 
439, 446t, 448t, 844, 1023 
Seizures, 320 
Selenium (Se) 
Se-dependent enzymes, 307 
toxicant and nutrient interaction, 299-301 
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Self-awareness, ethics and, 64-65, 64b, 64f, 
65b, 66t 
Self-retaining Alexis®, 787 
Semen collection and storage, artificial 
insemination in cetaceans, 
194-195, 195t 
Semen sampling, 880 
Senescence; see also Reproductive maturity 
in cetaceans, 178 
Septic arthritis, 960 
Septicemia, 284, 335, 368, 369-370, 372, 376 
Sequence-specific PCR (SSP-PCR), 236 
Serodiagnostic mycology, 415-416 
Serology, protozoan parasites, diagnosis, 
451-452 
Serratia marcescens, 377 
Serum albumin, cetacean, hematology/ 
serum chemistry, 894 
Serum amyloid A (SAA), 213 
Serum amyloid P (SAP), 213 
Serum IgG, 751 
Serum iron, cetacean, hematology/serum 
chemistry, 894 
Serum transaminases, cetacean, 
hematology/serum chemistry, 895 
Sevoflurane, 573, 589, 594, 596, 589 
Sex, protozoan parasite infection, risk 
factor, 459 
Sex-selected sperm, artificial insemination 
with, 197-198, 198t 
Sexual dimorphisms, 130 
Sexual maturity 
male cetaceans 
beluga, 189 
bottlenose dolphins, 189, 190t 
killer whales, 189 
white-sided dolphins, 189 
in male pinnipeds, 175 
Sheefish (Stenodus leucichthys), 298 
Sheepshead (Archosargus probatocephalus), 
277 
Ship strikes, mass mortality of marine 
mammals and, 6 
Short-finned pilot whale (Globicephala 
macrorhynchus), 271t, 406t 
Shrimp (Pandalus borealis), 709 
fecal and urinary energy losses, 709 
Silver alginate dressings, skin wounds, 913 
Silymarin, 417 
Simplexvirus spp., 345-346 
Single nucleotide polymorphisms (SNPs), 
235-236 
Sirenians, 699, 749-751, 949, 1025, 1039-1085; 
see also Anesthesia; specific entries 
anatomy, 950-951 
blood collection, 954 
blood collection from interosseous 
space, 955 
coagulation factors, 955 
complete blood count (CBC), 955 


D-dimers/serum amyloid A (SAA), 955 
diagnostic techniques 
blood collection, 953 
clinical pathology, 955, 956 
endoscopy, 953-955 
fecal sampling, 953 
radiography/ultrasonography, 953 
urinalysis, 955 
disorders, 958-959 
dorsoventral (DV) views, 953 
drug dosages for, 655t-657t 
dugongs, health assessment of 
capture/restraint, 865 
clinical monitoring/sampling, 
865-868, 867t 
emaciated, 956 
FL manatee, 953 
emergencies, 598 
environmental health concerns, 959 
brevetoxicosis, 959 
cold stress syndrome, 959-960 
entanglements, 961 
watercraft injuries, 960-961 
family, 950 
feeding frequency and daily 
requirements, 749 
FL manatee calf, orogastric intubation 
of, 956 
GI disorders, 958 
handling/restraint, 952 
hand-rearing formulas, 750t 
helminth and parasitic arthropods, 475, 
476t—-478t 
hindgut fermentation, 957 
human floatation devices, 958 
husbandry, 952 
hydration/hypoglycemia, 956 
infectious diseases 
bacteria/viruses, 961 
parasitic infections, 961 
inhalation anesthesia, 596 
intubation, 595-596 
malnourished animals, 952 
manatees, 950 
dorsoventral radiograph, 957 
Florida rescue, 951 
immunoglobulin G, 956 
molariform teeth/lack canines, 951 
multifocal dermatitis secondary to 
cold stress syndrome, 960 
thoracic system, 951 
traumatic paddle wound, 959 
unusual mortality event (UME), 961 
manatees, health assessments of 
capture/restraint, 858, 858b 
clinical monitoring, 861-863, 863t 
clinical support, 851 
postcapture management/evaluation/ 
animal handling, 859, 860t-861t 
sampling/tagging/measuring,863—865 


mass strandings and UMEs affecting, 
8, 9t 
microanatomy of integument, 112 
monitoring, 596 
musculoskeletal system, 113 
mycobacterial infections, 378 
natural history, 949 
neonatology/hand-rearing, 956-957 
nutritional content, 952 
oil effects on, 23 
oral diazepam, 959 
overview, 857-858 
pasteurellosis, 377 
pharmacokinetic data, 958 
physical examination, 952 
physiology, 950-951 
pneumatosis intestinalis, 957 
pool and exhibit design, 757-758 
reproduction, 951-952 
rescue/rehabilitation, 950 
sedation, 595, 596t 
serum amyloid A, 955 
subcutaneous (SC) routes, 958 
support, 596-597 
T. manatus, in Puerto Rico, 960 
taxon-specific considerations, 807 
therapeutics, 957-958 
traumatic wounds, 959 
veins used for blood collection, 954 
ventrodorsal (VD) views, 953 
Vibrio spp., 375 
Skeleton, 127-128 
chevron bones, 129 
pectoral limb complex, 129 
pelvic limb complex, 129-130 
post-thoracic vertebrae, 129 
ribs, 128 
sacral vertebrae, 129 
sternum, 128-129 
Skin disease 
in cetacean, 900 
polar bear (Ursus maritimus), 
995-996 
wounds 
in seal, 913 
in sea otter, 974 
Skrjabinalius cryptocephalus, 486t 
Skrjabinalius guevarai, 4806t 
Skrjabinalius spp., 478t, 485, 486 
Sleeping sickness, 444 
Sloughing of epidermis, 279 
Smears, fecal, diagnosis of protozoan 
parasites, 452-453 
Smelt (Osmeridae spp.), 910 
SNPs, see Single nucleotide polymorphisms 
(SNPs) 
Solenorchis (=Indosolenorchis) spp., 476t 
Solute carrier family 11 member al gene 
(Slclla1), 233 
Sonar or blast injuries, in cetaceans, 6 
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Sotalia guianensis (Guiana dolphins), 280, 
301, 334, 404t, 428t, 444t, 446t 
Sousa chinensis (Indo-Pacific humpbacked 
dolphins), 375, 429t 
South African fur seals (Arctocephalus 
pusillus), 866 
South American fur seal (Arctocephalus 
australis), 275t, 276, 338, 345t, 
378, 1018t, 1023 
South American sea lions (Otaria byronia), 
21, 53, 276, 348, 350, 428t, 437t, 
562 
South American sea lions (Otaria 
flavescens), 21, 53, 273t, 371, 401t, 
428t, 443t, 444t, 446t, 448t, 475, 
909 
GEI, 715 
Southern elephant seals (Mirounga 
leonina), 232, 270t, 273t, 276, 428t, 
443t, 444t, 477t, 480, 484, 1024 
freeze branding, 775 
Southern right whales (Eubalaena 
australis), 348, 379 
blubber ultrasound measurement, 839 
Southern sea otters (Enhydra lutris nereis), 
390, 458, 969 
Sowerby’s beaked whale (Mesoplodon 
bidens), 376, 438t 
Spatial distribution, protozoan parasite 
infection, 458 
Special senses, 284 
Specific dynamic action (SDA), 708 
Specimen collection 
necropsy, 250-255 
classification of carcass condition, 
250, 252t 
decomposition, 252 
dissection, 254-255 
equipment checklist, 250, 251 
logistics, 250-251, 252t 
morphometrics, 252-253 
photographs, 253-254 
protocols, data, and forms, 251-252 
stranding response, 8-9 
Sperm cryobanking, 198-199 
Sperm whales (Physeter catodon), 269, 
272t, 437t, 438t, 477t 
Sperm whales (Physeter macrocephalus), 4, 
37, 90, 259, 276, 341, 428t, 434t, 
437t, 447t, 477t, 835 
Sperm whales (Physeter microcephalus), 
706 
Spinal cord, 121 
Spinal lancing, 688 
Spinner dolphins (Stenella longirostris), 71, 
284, 380, 430t, 438t, 443t 
Spirurids, 482-483 
Spisula solisissima (Atlantic surf clam), 
753 
Spleen, 211 


Sporanox, 417 
Sporothrix schenckii, 413 
Sporothrix spp., 389 
Sporotrichosis, 419 
Spotted dolphin (Stenella attenuata), 447t, 
1023 
feeding frequency and daily 
requirements, 728 
Spotted seals (Phoca largha), 298, 343, 371, 
427t, 434t, 913, 1015t 
Squamous cell carcinoma, 352 
Squid (Loligo spp.), 910 
Squirrel monkeys (Saimiri sciureus), 340 
SSV, see Support/safety vessel (SSV) 
“Standard metabolic rate” (SMR), 698 
Standard PCR, 236 
Staphylococcus aureus, 370, 371, 377, 918 
Staphylococcus spp., 369, 370 
Starch gel electrophoresis, 234 
Starvation and fasting, 716-717 
STAT, 743 
State on-scene coordinator (SOSC), 24 
Stay, for medical training, 874 
Steller sea lions (Eumetopias jubatus), 21, 
54, 273t, 276, 284, 301, 341, 343, 
345, 348, 372, 428t, 435t, 437t, 485, 
734, 1005t, 1011 
formulas for, 746 
Life History Transmitter (LHX tag) in, 
THE 
molt, 718 
with satellite tag transmitters, 922 
vitamin E deficiency, 724 
Stenella attenuata (spotted dolphins), 447t, 
1007t, 1023 
feeding frequency and daily 
requirements, 740 
Stenella coerueoalba (striped dolphin), 234, 
269t, 272t, 301, 305, 333, 335f, 
336f, 344t, 373, 430t, 437t, 438t, 
447t, 459, 479 
Stenella frontalis (Atlantic spotted dolphin), 
272t, 430t, 438t, 447¢ 
Stenella longirostris (spinner dolphins), 71, 
284, 380, 430t, 438t, 443t,700-701 
Steno bredanensis (rough-toothed dolphin), 
348f, 395t, 406t, 410t, 447t, 1023 
Stenodus leucichthys (sheefish), 298 
Stenurus arctomarinus, 485, 486t 
Stenurus auditivus, 486t 
Stenurus australis, 486t 
Stenurus globicephalae, 486t 
Stenurus minor, 486t 
Stenurus nanjingensis, 480t 
Stenurus ovatus, 486t 
Stenurus spp., 478t 
Stenurus truei, 486t 
Stenurus yamaguti, 486t 
Stephanoprora spp., 477t 
Sterilization of equipment, 514 


Sternum, 128-129 
Steroids, 613; see also specific names 
Sterol regulatory element binding proteins 
(SREBPs), 412 
Stillbirths 
in cetaceans, 193-194 
in pinnipeds, 177 
Stingray spine, 277 
Stomach contents, marine mammal 
necropsy, 260-261 
Stool analysis, physical examination, of 
cetacean, 892-893 
Stranded animal health assessment, 221 
Stranded marine mammals, 677; see also 
Euthanasia 
defined, 3 
rehabilitation and release of, 9-10 
Stranded sperm whale (Physeter 
microcephalus), 450, 483 
Stranding response, 3-13 
animal well-being and, 71-72 
data and specimen collection, 8-9 
elements, 10-12 
euthanasia and, 11 
human interaction evaluations and, 11 
human safety and, 10 
large whale strandings, 11-12 
live animal response and, 10-11 
necropsy and, 11 
out-of-habitat situations, 11 
rehabilitation and release, 9-10 
Stranding response networks 
data management and publication, 12 
development of, 4 
establishing, 12-13 
fund raising, 12-13 
legal implications, 12 
objectives of, 3-4 
overview, 3 
requirements for, 12-13 
tips for, 13 
volunteers, recruitment and training, 12 
Strandings 
causes of, 4, 5t—9t 
intervention, 10; see also Stranding 
response 
large whale, 11-12 
mass strandings, UMEs and epizootics, 4 
cetaceans, 4—6, 5t—6t 
pinnipeds, 6-8, 7t 
sea otters, 8, 8t 
sirenians, 8, 9t 
natural causes, 4, 5t—6t 
Streptococcus bovis/equinus, 370 
Streptococcus coli, 284 
Streptococcus infantarius, 284 
Streptococcus inide, 371 
Streptococcus phocae, 370, 371 
Streptococcus spp., 369, 370, 371, 372, 917 
Streptococcus infantarius, 981, 982 
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Streptococcus phocae, 981, 982 
Streptococcus viridans, 371 
Streptococcus zooepidemicus, 370 
Streptomycin, 378, 379 
Stress 

acute, indicators of, 160, 162 

anthropogenic stressors, 155t-156t 

cardiac response in, 160 

chronic, indicators of, 160, 162 

overview, 153 

study of, challenges, 154 
Stressors, 153-154, 155t-156t 

anthropogenic, 155t-156t 

natural, 155t-156t 
Stress response, 154, 156f 

acute response, 156, 162 

in body systems, 154, 156f 

categories, 154 

chronic response, 162 

endocrinologic factors, 156-159, 157t 

catecholamines, 158 
glucocorticoids, 158-159 
mineralocorticoids, 159 
other hormones, 159 
thyroid hormones, 159 
immunologic factors, 160, 161t 
neurologic factors, 156 
physiologic factors, 159-160 
Striped dolphin (Stenella coerueoalba), 
269t, 272t, 301, 305, 333, 335f, 
336f, 344t, 373, 430t, 437t, 438t, 
447t, 459, 479 

Strobilocephalus spp., 477t 

Strobilocephalus triangularis, 480 

Subantarctic fur seal (Arctocephalus 
tropicalis), 378 

Subcapsular gas (emphysema), defined, 
259 

Subcutaneous (SC) administration, 608 

Subcutaneous (SC) injections, 880 

Suckling/lactational suppression of estrus, 
in cetaceans, 184 

Suckling walrus calves, in walrus, 937 

Sucralfate, 613 

Sucralose, 743 

Sulfadiazine, 455 

Sulfamethoxazole, 376 

to treat cetacean, 895 
Sulfaquinoxaline, 455 
Sulfonamide, 455 
SumPCBs, 305 
Superficial skeletal muscles, anatomy, 

112-113 
Supernumerary (extra) teeth, 504; see also 
Dentistry 
Supportive care, 678-679; see also 
Euthanasia 
Support/safety vessel (SSV), 41, 42 
Suppurative pneumonia, 450 
Susceptibility testing, of yeast, 417 


Susceptible-exposed-infectious—removed 
(SEIR) model, 816 
“Swim-with” programs, 70-71 
Sympathetic nervous system (SNS), 156 
Synchronization, of ovulation in cetaceans, 
197 
Syncyamus spp., 478t 
Syncytia, bronchitis with, 323f 
Synthesium, 476t 
Synthesium (=Hadwenius) seymouri, 479 
Systemic apicomplexa, 426-440 
gross and microscopic lesions, 456-457 
haemosporidia, 439, 440 
Neospora caninum, 433, 434t 
Neospora caninum-like, 433, 434t 
other Sarcocystis spp., 439 
Sarcocystis neurona and S. neurona- 
like, 433, 434-438, 439, 440, 441 
Sarcocystis spp. associated with 
necrotizing hepatitis (S. canis, 
S. canislike/S. arctosi, and S. 
pinnipedi), 438, 439, 442 
Toxoplasma gondii, 426-432 
treatment and prognosis, 454-455 
“Systems thinking” approach, 309 


T 


T-63,684; see also Drugs for euthanasia 
Tacrolimus, 523 
Taenia solium, 480 
Taeniura lymma (bluespotted ribbontail 
ray), 374 
Tags, 278 
mounts, 776 
reactions, 838 
Tag technology and attachment, 767-789 
cetaceans, 778-782 
manatees (Trichechus sp.), 782-784 
pinnipeds, 774-778 
implanted transmitters, 777-778 
polar bears, 789 
sea otters, 784-789 
tracking methodologies, 768-774 
Tapeworms, 473, 477t, 479-480 
Tapirus terrestris, 346 
Taprobanella spp., 476t 
Targeting, 873-874 
Tattoo skin disease (TSD), 348, 349, 350 
Taxon-specific considerations 
cetaceans, 801-806 
pinnipeds, 806 
polar bears, 807 
sea otters, 806-807 
sirenians, 807 
Tazobactam, 416 
T cell receptor (TCR), 219 
Teamwork, 872; see also Medical training of 
cetaceans/pinnipeds 
Teflon knife/bags/jars, 262 


Telemetry, 768, 769 
Temperature regulation, 574 
Temporal keratopathy, 521 
Temporary threshold shifts (TTS), 278 
Temporomandibular joint (TMJ), 503 
Terbinafine, 393t, 395t, 397t, 398t, 399t, 
400t, 401t, 403t, 404t, 405t, 408t, 
409t, 411t, 418t, 419, 420 
Testes, 262 
Testosterone, 175, 191, 304 
Tetrabothriidae, 477t, 479 
Tetrabothrius spp., 472, 477t 
Tetracycline, 261, 379 
gastric protectants, 919 
Tetrameridae, 477t 
T helper 1 (Th) lymphocytes, 215 
T helper 2 (Th2) lymphocytes, 215, 216 
Theories, change in incidence of fungal 
infections, 390, 412 
Therapies 
adenoviruses, 353 
caliciviruses, 342 
coronaviruses (CoVs), 341 
fungal infections, 391t-411t, 417-419 
HAB toxins 
California Sea Lions with DA 
toxicosis, 324 
manatees with brevetoxicosis, 324 
helminths and parasitic arthropods, 
474-475 
herpesviruses, 346 
influenza viruses, 338 
morbilliviruses, 334 
otariid pups, 484 
papillomaviruses, 352 
parainfluenza viruses, 337 
poxviruses, 349 
protozoal infections 
enteric and respiratory protozoa, 
455 
systemic apicomplexans (7: gondii, 
Sarcocystis spp., and Neospora 
spp.), 454-455 
Thermal refugia, 702 
Thermography, 864 
Thermoregulation, 677 
cetaceans, 700-701 
manatees, 702 
otariids, 700 
phocids, 699-700 
sea otters, 701-702 
Thiaminase in fish commonly used in 
marine mammal diets, 722t 
Thiamine deficiency, 719-720 
in pinnipeds, 921 
Thoracocentesis, 960 
Thorny-head worms (Acanthocephala), 473, 
477t, 480-481, 488t 
Thrombocytopenia, sirenians, 959 
Thrombosis, of pulmonary artery, 284 
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Thymus 
gross anatomy of, 114 
microscopic anatomy of, 115-116 
Thyroid binding globulin (TBG), 143 
Thyroid examination, 547 
Thyroid hormones (TH), 141-143, 154, 
158, 841 
importance, 307 
stress response and, 159 
Thyroid neoplasia, 283 
Thyroids 
gross anatomy of, 114 
microscopic anatomy of, 116 
Thyroid-stimulating hormone (TSH), 140, 
141, 158 
Thyrotropic releasing hormone (TRH), 141 
Thyroxine (T,), 141-142, 159, 304 
Tiemmanite, 301 
Time depth recorders (TDRs), 788-789 
Time in medical training, 873 
TLR gene, see Toll-like receptor (TLR) gene 
T lymphocytes, 219 
TMMC, with DA toxicosis, 921 
Toll-like receptor (TLR) gene, 233 
Tooth fractures, 506, 506b; see also 
Dentistry 
Tooth resorption (TR), 504, 505b, 513; 
see also Dentistry 
Torynurus convolutus, 486t, 487 
Torynurus dalli, 486 
Torynurus spp., 478t 
Total organic carbon (TOC), 760 
Total white blood cell count, cetacean, 
hematology/serum chemistry, 894 
Touch, for medical training, 874 
Toxaphene, 305 
Toxicology, environmental, see 
Environmental toxicology 
Toxoplasma gondii, 8, 55, 426-432, 433, 
438, 451, 452, 453, 454-455, 450, 
457, 458, 459, 460 
Toxoplasmosis, 55 
Tracheitis, 995 
Trac-pac®, 779 
Tramadol, 608t 
Transcriptomics (RNA), 223 
Transesophageal echocardiography, 880 
Transforaminal ultrasound, 545 
Transforming growth factor (TGF) beta, 221 
Transmission 
protozoan parasite infection, 458 
zoonoses 
through consumption, 48-49 
through direct and indirect contact, 48 
Transmission electron microscopy (TEM) 
herpesviruses, diagnosis, 347 
protozoan parasites, diagnosis, 454 
Transportation 
oil spills and, 27 
or rescue and rehabilitation, 807-808 


Transport box (gamete rescue box), 196f 
Transport host, defined, 474 
Transport of gases, marine mammal 
necropsy, 259 
Trauma, marine mammals, 276-278 
anthropogenic, 277-278 
interspecific, 276-277 
intraspecific, 276 
Triazine antiprotozoal medications, 455 
Triazoles, 417, 419 
Trichechid herpesvirus, 345 
Trichechid herpesvirus 1 (TrHVD, 961 
Trichechus inunguis (Amazonian manatee), 
378, 379, 431t, 443t, 444t, 446t, 
1019t, 1023 
Trichechus manatus (Antillean manatees), 
11, 261, 262, 268, 269t, 273t, 324, 
334, 430t, 431t, 446t, 448t, 488 
feeding frequency and daily 
requirements, 749 
Trichechus manatus (West Indian 
manatees), 861 
Trichechus manatus latirostris, see Florida 
manatees (Jrichechus manatus 
latirostris) 
Trichechus manatus papillomavirus type 1 
(TmPVD, 961 
Trichechus spp., 413 
Trichecus manatus manatus (Antillean 
manatee), 1023 
Trichinella nativa, 56, 481, 482 
Trichinella spiralis, 56, 481, 995 
Trichinella spp., 55-56, 478t, 481-482 
Trichinellosis, 56 
Tricbomonads spp., 447t, 450 
Trichomonas spp., 442 
Trichophyton mentagrophytes, 912 
Trichophyton spp., 413 
Trichosporon pullulans, 413 
Trigonocotyle spp., 477t 
Triiodothyronine (T;), 141-142, 159, 304 
Trimethoprim, 376, 455 
Trimethoprim-sulfadiazine, 610 
Trueperella pyogenes, 367, 371 
Trychophyton rubrum infection, 1002 
Trypanosoma brucei, 444 
Trypanosoma cruzi, 444, 446t 
Trypanosoma spp., 442, 444, 446-449, 457 
Trypanosomes (7rypanosoma and 
Leishmania spp.), 444, 446-449 
Trypsin pretreatment, 454 
Tube-fed elephant seals, weaning, 744 
Tube-fed oral electrolytes, 916 
Tuberculin skin testing, 378 
Tuberculin test (TST), 53 
Tuberculosis, 52-53 
Tubular nephrosis, 282 
Tulathromycin, 324 
Tumor necrosis factor (TNF), 215 
Tumors, in marine mammals, 273t-275t 


Tursiops aduncus (Indo-Pacific bottlenose 
dolphins), 334, 429t, 443t, 444t, 
446t, 447t, 449 

GEI, 715 

Tursiops australis (Burrunan dolphins), 71, 
307 

Tursiops gilli, 406t 

Tursiops truncatus, see Bottlenose dolphins 
(Tursiops truncatus) 

Tursiops truncatus gilli (Pacific bottlenose 
dolphin), 547, 570 

24-hour HAZWOPER (Hazardous Waste 
Operations And Emergency 
Response training), 24 

Twinning, in cetaceans, 194 

Tympanoperiotic complex (TPC), 257, 258 

Tyvek® coveralls, 24 


U 


UK Farm Animal Welfare Council, 68 
Ulceration, gastric, 282 
Ultrasonography, 185, 879; see also 
Diagnostic imaging 
equipment/preparation, 544-545 
examination technique, 545-548 
pregnancy diagnosis in pinnipeds, 
175-176, 176f 
Umbilical cord accidents, 283 
UMEs, see Unusual mortality events (UMEs) 
Uncharacterized trichomonad flagellates, 
447t, 450 
Uncinaria hamiltoni, 472 
Uncinaria lucasi, 472 
Uncinaria lyonsi, 484 
Uncinaria sanguinis, 484 
Uncinaria (Uncinaria) spp., 472, 475, 478t, 
484 
Unidentified ciliates, 447t-448t, 450 
Unified Command (UC), 24 
United States Department of Agriculture 
Animal and Plant Health Inspection 
Service (USDA-APHIS), 799 
Unusual mortality events (UMEs), 223, 276 
cetaceans, 4-6, 5t—6t 
defined, 4 
pinnipeds, 6-8, 7t 
sea otters, 8, 8t 
sirenians, 8, 9t 
Upsilonpapillomavirus, 351 
Urethroscopy, 561 
Urinalysis 
physical examination, of cetacean, 892 
sea otters, 977 
sirenians, 955 
Urinary cystoscopy, 562 
Urinary energy loss (UEL), 708, 709; see 
also Fecal energy loss (FEL) 
Urinary tract 
gross anatomy of, 117 
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microscopic anatomy of, 120 
Urinary water losses during fasting, 720 
Urine 
for diagnostic purposes, 323 
sample collection and handling, 139, 
827, 880 
Urogenital cancers, 815 
rogenital carcinomas (UGC), 346 
in California sea lions, 268, 275-276, 
819 
Urogenital disease, bacterial infections and, 
371-372 
rogenital endoscopy; see also Endoscopy 
flexible, 561-562 
rigid, 562-563 
rogenital tumors, 919 
rolithiasis, 282, 545 
Jrolophus paucimaculatus, 277 
rothelial hyperplasia, 282 
rsidae, 478t 
Ursus americanus (American black bears), 
353 
Ursus maritimus, see Polar bears (Ursus 
maritimus) 
USDA Animal Welfare Regulations, 
758-759 
US Fish and Wildlife Service (USFWS), 567, 
950, 970 
US Marine Mammal Protection Act, 25 
Uterine horn stenosis and occlusion, 283 
Uterus, gross examination, 262 
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Vv 


Vaccinations 
in cetacean, 890 
against clostridial disease, 372 
leptospirosis, 379-380 
papillomaviruses, 352 
pasteurellosis, 376 
Vaginal prolapse, 919 
Valeant, 419 
Valvular endocardiosis/fibrosis, 284 
Varicellovirus spp., 33t, 346 
Vasovagal reflexes, 535 
VELCRO® attachments, 776 
Venipuncture technique, 609, 852 
Ventilatory support, 575 
Ventrodorsal projections, 540 
Verification of death, 688; see also 
Euthanasia 
Vero cells, 332-333, 337 
Vertical transmission, defined, 474 
Vesicular exanthema of swine (VES), 50, 
342, 343 
Vesiviruses 
diagnosis, 342-343 
epidemiology, 343 
public health significance, 343 
virology, 342 


Vessel—animal collision, 278 
Vessel-based tracking using VHF telemetry, 
779 
Veterinarian and desensitization sessions, 
872 
Vfend, 417 
VHF tags, 778; see also Tag technology and 
attachment 
transmitters, 783-787 
Vibrio alginolyticus, 337, 375 
Vibrio anguillarum, 375 
Vibrio carchariae, 277 
Vibrio cholerae, 375 
Vibrio damsela, 375 
Vibrio fluvialis, 375 
Vibrio parahaemolyticus, 308, 372, 374, 
375 
Vibrio parahemolyticus, 981 
Vibriosis, 374-375 
Vibrio spp., 308, 369, 370, 371, 374-375 
Vibrio spp. infections, 54 
Vibrio vulnificus, 374 
Video and image loggers, 768 
Vinci Farma, 417 
Viral hepatitis, 900 
Viral zoonoses 
calicivirus, 49-50 
influenza virus, 50 
norovirus, 51 
poxvirus, 49 
rabies virus, 50-51 
Virology 
adenoviruses, 353 
caliciviruses, 342 
coronaviruses (CoVs), 341 
herpesviruses, 345, 346 
influenza viruses, 338 
morbilliviruses, 334 
papillomaviruses, 351 
parainfluenza viruses, 337 
poxviruses, 348 
Virulence, fungal, 412 
Viruses, 332-355; see also specific names 
adenoviruses, 353, 355 
clinical signs, 353 
diagnosis, 355 
epidemiology, 355 
host range, 353 
pathology, 353, 355 
public health significance, 355 
therapy, 353 
virology, 353 
caliciviruses, 341-343 
clinical signs, 342 
diagnosis, 342-343 
epidemiology, 343 
host range, 341 
noroviruses, 342, 343 
pathology, 342 
public health significance, 343 


sapoviruses, 342, 343 
therapy, 342 
vesiviruses, 342-343 
virology, 342 
coronaviruses (CoVs) 
clinical signs, 341 
diagnosis, 341 
epidemiology, 341 
host range, 341 
pathology, 341 
public health significance, 341 
therapy, 341 
virology, 341 
herpesviruses, 343-347 
clinical signs, 346 
diagnosis, 347 
epidemiology, 347 
host range, 343-345 
pathology, 346-347 
public health significance, 347 
therapy, 346 
virology, 345, 346 
influenza viruses, 337-341 
clinical signs, 338, 339f 
diagnosis, 339 
epidemiology, 339, 340 
host range, 338 
pathology, 338, 339, 341f 
public health significance, 340-341 
therapy, 338 
virology, 338 
isolation, overview, 332-333 
like particles (VLPs), 352 
molecular diagnostics, overview, 333 
morbilliviruses, 333-337 
clinical signs, 334, 335f 
diagnosis, 336 
epidemiology, 336-337 
host range, 333 
pathology, 334-336 
public health significance, 337 
therapy, 334 
virology, 334 
other, 355 
overview, 332 
papillomaviruses, 351-353 
clinical signs, 351-352 
diagnosis, 352 
epidemiology, 352-353 
host range, 351 
pathology, 352 
public health significance, 353 
therapy, 352 
vaccine, 352 
virology, 351 
parainfluenza viruses 
clinical signs, 337 
diagnosis, 337 
epidemiology, 337 
host range, 337 
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pathology, 337 
public health significance, 337 
therapy, 337 
virology, 337 
paramyxoviruses, 333 
poxviruses, 348-351 
clinical signs, 348-349 
diagnosis, 350 
epidemiology, 350-351 
host range, 348 
pathology, 349-350 
public health significance, 351 
therapy, 349 
virology, 348 
Vitamin A, 608t 
Vitamin D, in cetacean, 904 
Vitamin E, 299, 534 
Vitamins A, D, and E deficiency, 722-724 
Vitamins C deficiency, 724 
Vitamin supplementation, 719 
Vomiting, 320, 322, 346, 354t, 379 
Von Bertalanffy model, 707 
Voriconazole, 391t, 392t, 393t, 394t, 395t, 
390t, 397t, 398t, 399t, 400t, 404t, 
407t, 408t, 411t, 413, 414, 417, 418t, 
419, 420, 610 


Ww 


Walrus (Odobenus rosmarus), 48, 171, 270t, 

275t, 276, 321, 341, 391t, 396t, 
398t, 418t, 428t, 434t, 481, 596, 
727, 747-749, 758, 935, 990 

anesthesia, 938 

blood collection, 938 

captive, 942 

blastomycosis (Blastomyces 
dermatiditis), 942 
electroencephalogram (EEG), 943 

cardiac problems, 939 

dentistry, 942 

dermatological issue, 939 

diet, 937 

eyes, infrared thermography imaging, 
937 

feeding, 936 

feeding frequency and daily 
requirements, 747-748 

gastrointestinal disease, 942 

gestation and lactation, 706 

laparotomies, 942 

neoplasias, 939 

neurological issue, 941 

ophthalmological issue, 941 

physical examination, 937 

postcanine teeth, 942 

potential disease agents, 940-941 

reproduction, 936-937 

respiratory problem, 941 

restraint, 938 


sedation, 938 
skeletal, 942 
skin, 939; see also Skin disease 
sleep, electroencephalogram (EEG) 
pattern of, 943 
specimen collection/diagnostic 
techniques, 939 
tarsal vessel, ultrasound image of, 938 
transmitters in, 776 
ultraviolet light (UV) exposure, 939 
venipuncture site on tarsus, 938 
vital rates, 937-938 
wild, field immobilizations of, 938 
wild hauled-out male, 937 
Walrus Calicivirus (WCV), 342 
Walrus hand-rearing formulas, 748t 
Walrus keratopathy, 529 
Water, for medical training, 874 
Water-gel explosives, 688 
Water hyacinth (Lichbornia crassiceps) 
heat increment of feeding, 711 
Water requirements, 719-720 
Weaning 
atlantic surf clam (Spisula solisissima), 
753 
cetaceans, 741-743 
otariids, 746-747 
phocid pups, 744 
polar bear, 754 
sea otters, 753 
sirenia, 751 
Tursiops spp., 741 
walruses, 748 
Weddell seals (Leptonychotes weddellii), 
175, 234, 278, 282, 348, 428t, 443t, 
444t, 1024 
molt, 718 
Weighing/Weight, 875, 1032 
Weight gain, for neonatal cetaceans, 741 
Weight loss, 378, 724 
managing, in cetacean, 897 
“Weight of evidence” approach, 322 
Wellness checks, in cetacean, 890 
Western Australian (WAUS) coast, 44 
Western Pacific sea otter (E. lutris lutris), 969 
West Indian manatees (7richechus 
manatus), 861 
West Nile Virus (WNY), 921, 981 
Wet mounts, protozoan parasites, diagnosis, 
452-453 
Whale disentanglement; see also Whale 
entanglement 
chemical moderation of behavior for, 
42-43, 43£ 
International Whaling Commission 
(IWC) 
trainees selection criteria, 40 
training workshops, 38, 40 
origin of organized, 38, 39f—40f 
procedures, 42 


Whale entanglement, 37-45 
assumptions, 40-41 
authorized, trained response 
assessment, 41-42 
documentation and debriefing, 42 
personal equipment, 41 
personnel, 41 
platforms, 41 
procedures, 42 
safety, 41 
safety considerations on approaching 
an entangled whale, 42 
chemical moderation of behavior, 42-43, 
43f 
Global Whale Entanglement Response 
Network (GWERN), 38, 40 
mitigation, 44-45 
origin of organized whale 
disentanglement, 38, 39f-40f 
overview, 37-38, 38f 
postmortem diagnosis, 43-44, 44f 
reporting of, 41 
response assessment, 41-42 
response considerations, 40-41 
Whale/gear interactions, 37 
White-beaked dolphins (Lagenorhyncus 
albirostris), 302 
White-sided dolphin Lagenorbynchus 
obliquidens), 178, 397t, 398t, 400t, 
401t, 404t, 700 
estrous cycle and ovarian physiology, 
181, 182f, 183f 
male seasonality, 191 
reproductive cycle (female), 179 
reproductive maturity and senescence, 
178 
sexual maturity (male), 189 
White spot keratitis, 522 
White-spotted bamboo sharks (Chiloscyllium 
plagiosum), 763, 764 
WHO, see World Health Organization (WHO) 
Wildlife Branch, ICS, 24 
Wildlife Computers Inc., 776 
Wildlife recovery, oil spills and, 26-27 
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Wildlife response, during oil spill events, 
23-24 
activities during, 24, 25f 
cleaning, 29-30 
hazing, 24-26 
intake, 28-29 
postwash care, release, and 
postrelease monitoring, 30-31 
prewash care, 29 
processing, 27-28 
safety, 24 
search and collection, 26-27 
transport, 27 
Wild population health assessment, 
220-221 
Wild river otters (Lontra canadensis), 
440 
Wild walruses, 936 
Wolinella succinogenes, 372 
World Association of Zoos and 
Aquariums, 70 
World Health Organization (WHO), 47 
Wright-Giemsa stains, 444, 452 


Xx 


Xenobalanus spp., 479t 
Xylazine, 599, 682 


Y 


YeastOne, 417 
Yersinia spp., 457 
Yohimbine, 591 


Z 


Zaca-DRB, MHC class II locus, 268, 276 

Zalophotrema spp., 343, 476t 

Zalophus californianus (California sea 
lion); see also California sea lions 
(Zalophus californianus) 

Zalophus californianus papillomavirus 1 
(ZcPVD), 351 


Zalophus californianus wollebacki, see 
Galapagos sea lions (Zalophus 
californianus wollebacki) 

Ziehl—Neelsen staining, 377 

Ziphiidae (beaked whales), 256, 278, 279, 
282, 486t 

Ziphius cavirostris (Cuvier’s beaked whale), 
344t, 346, 369 

Zolazepam-tiletamine (ZT), 576 

ZOOLOGIC Milk Matrix, 740, 743 

Zoonoses 

bacterial 
Brucella spp., 53 
Coxiella burnetii, 54 
Erysipelothrix rhusiopathiae, 52 
Leptospira spp., 53-54 
miscellaneous and mixed, 54-55 
Mycobacterium spp., 52-53 
Salmonella, 52 
seal finger and Mycoplasma spp., 
51-52 
botulism, 55 
defined, 47 
fungal infections, 57 
incidences, 47-48 
nonspecific symptoms, 48 
overview, 47-48 
parasitic 
Cryptosporidium spp., 56 
Giardia spp., 56 
Toxoplasma gondii, 55 
Trichinella spp., 55-56 
and public health, 47-57 
transmission 
through consumption, 48-49 
through direct and indirect contact, 48 
viral 
calicivirus, 49-50 
influenza virus, 50 
norovirus, 51 
poxvirus, 49 
rabies virus, 50-51 
ZuPreem omnivore diet, 742 
Zygocotylidae, 476t 


